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Abstract: Improving performance and examining expansion of constructed 

wetlands for tertiary treatment of nitrogen from domestic and municipal 

wastewater 

Constructed wetlands have the potential to be a valuable tool to reduce nitrogen loads to 

downstream waterbodies. The studies conducted as part of this project demonstrated the need to 

maintain free water surface (FWS) constructed wetlands (CWs) to sustain their treatment 

efficiency over time, helped to address the knowledge gap in long-term or late-stage nitrogen 

removal performance in FWS CWs, and evaluated the potential for FWS CWs to provide 

additional nitrogen removal at minor wastewater treatment plants (WWTPs) across NC. 
 

Study Objectives: 

1. Evaluate the N removal efficiency of aging FWS CWs and, if ineffective, identify the 

cause(s) of the poor performance. 

2. Evaluate the potential for detritus removal to be a wetland management strategy to 

improve N removal. 

3. Identify and quantify the internal N sources within an aged FWS CW. 

4. Evaluate the influence of influent N speciation on temporal changes in N removal 

performance. 

5. Quantify N release in a minor WWTP and evaluate the potential for improved N removal 

through the addition of a FWS CW to these systems. 

 

Water quality sampling and flow monitoring were conducted from September 2018 – May 

2021 at the two 20+ year old parallel FWS CWs in Walnut Cove, NC. Initial monitoring showed 

TN loads were reduced by < 11%, and TN removal rates were only 0.1 g-N m-2 d-1.  To improve 

nitrogen removal at the site, a detritus removal and revegetation was conducted in wetland cell 1. 

Monitoring over the next 24 months showed improved hydraulic efficiency. Total nitrogen 

removal in wetland cell 1 was 19% compared to -9% in wetland cell 2 that served as the control.  

A laboratory experiment was conducted to quantify and model NH4-N release from the 

accumulated detritus substrate which likely contributed to poor wetland performance. A simple 

first-order kinetic model using two parameters, the porewater NH4-N concentration (Cpw) and the 

rate constant (ku), was proposed to represent the upward diffusion of NH4-N from the substrate 

porewater to the overlying water column. The potential areal ammonium release rates (JUF) from 

the detritus substrate to an overlying water column with concentration of 4 and 6 mg L-1 were 

0.21 and 0.14 g-N m-2 d-1 (70 and 50 g-N m-2 yr-1), respectively. At these rates, NH4-N diffusion 

from the detritus substrate would substantially influence N removal performance in lightly 

loaded systems (TKN load < 120 g-N m-2 yr-1) which strongly supported regular FWS CW 

maintenance to sustain N treatment performance. A dosing study conducted in spring 2021, 

showed about 80% removal of NO3-N in the FWS CWs, which demonstrated that improved 

pretreatment of non-nitrified wastewater could improve nitrogen removal in these systems. 

Finally, biweekly water quality samples were collected from the effluent of a nearby minor 

WWTP and showed 755 kg of unaccounted-for nitrogen, mostly in the form of NO3-N, were 

released to nearby surface waters. A small 0.2 ha (0.5 acre) FWS CW could remove an 

additional 50% (~400 kg yr-1) of effluent NO3-N load at this site, as well as at other locations 

across the state. 
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Chapter 1: Nitrogen removal in an aging free water surface wetland 

receiving ammonia-dominated lagoon effluent 

1. INTRODUCTION 

Free water surface (FWS) constructed wetlands (CWs), have proven to be effective in 

reducing excess nitrogen in the water column, especially in the form of nitrate (NO3-N) 

(Crumpton et al., 2020; Gersberg et al., 1983; Ingersoll & Baker, 1998; Iovanna et al., 2008; 

Kadlec, 2012; Kadlec & Wallace, 2009; Land et al., 2016; Messer et al., 2017; Seidel, 1976). In 

addition to the proven treatment, the gravity driven hydraulics and self-sustaining removal 

pathways used in FWS CWs limit anthropogenic energy inputs and operating costs, making them 

ideal low-cost, environmentally friendly treatment options. Strategic installation of FWS CWs 

across NC to intercept the effluent from small wastewater treatment plants has the potential to 

reduce nitrogen loads to downstream waterbodies.  

 

Although ideal for improved nitrogen removal, there were only three such operational 

systems providing tertiary treatment for wastewater treatment plants (WWTPs) in NC (Burchell 

et al., 2016). From a total WWTP perspective, these systems have been successful at reducing 

the nitrogen exported in the WWTP effluent. However, detailed performance data on the FWS 

CWs is mostly unavailable, because the entire WWTP is often treated as a black box with only 

final plant effluent samples collected. Additionally, the FWS CWs in NC have been in operation 

for over 20 years and have shown signs of decreased nitrogen removal. The lack of data makes it 

difficult to assess the actual treatment ability of CWs in NC, and the potential for reduced 

treatment ability over time calls the longevity of these systems into question. These issues 

combine to create uncertainty around the effectiveness of these systems. This research was aimed 

at gathering performance data on FWS CWs treating municipal wastewater in NC and 

developing maintenance methods that provide sustained treatment performance and extended 

design lives for both current and future FWS CWs. 

 

1.1 Site Description 

The Walnut Cove WWTP (Permit ID #NC0025526) is a municipal wastewater treatment 

plant located in Walnut Cove, NC (36°17′38.5”N 80°07′57.3”W). During the study period, the 

WWTP served an estimated population of 1,820 persons (UNC, 2020). The plant is permitted to 

discharge a monthly average flow below 2273 m3 d-1 (0.5 MGD). Because the plant is permitted 

to discharge less than 1.0 MGD, it is classified as a minor WWTP. Within the WWTP, raw 

sewage is first pumped into the primary aerated lagoon. The primary lagoon then discharges into 

the secondary aerated lagoon, which is followed by the serpentine Lemna-dominated pond 

(duckweed raceway), circular duckweed collector, inlet splitter box, two parallel Typha-

dominated FWS CW cells, and a chlorine contact chamber before it is finally discharged into 

Town Fork Creek (  
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Figure 1.1). 

The WWTP was modified to its current configuration in 1996, when the town of Walnut 

Cove, inspired by Dr. Bill Wolverton’s work using natural processes to treat environmental 

problems, modified their lagoon only WWTP to resemble Dr. Wolverton’s aquatic 

plant/microbial water purification system (Patent #5,137,628). This natural treatment train was 

designed to maintain concentrations of BOD5, TSS, and NH4-N well below the effluent 

discharge limits set in the site’s NPDES permit (NC0025526), which required monthly average 

BOD5 and TSS concentrations to be less than 30 mg L-1 all year long and monthly average NH4-

N concentrations to be less than 10 mg-N L-1 from April 1st to October 31st. 

 

Both wetland cells 1 and 2 received the same wastewater stream, which was discharged 

to the wetlands through a concrete splitter box with two contracted sharp crested weirs. The 

weirs had the same crest length and elevation, and therefore released the equivalent influent flow 

rates to both cells. Contracted sharp-crested weirs were also installed at each wetland outlet to 

maintain an operational pool depth of 0.3 m. At a 0.3 m pool depth, the nominal wetland volume 

(V) would be 2130 m3 per cell based on the construction plans.  

 

 

  
 

Figure 1.1: Aerial photograph of the WWTP (Image modified from Google Maps). Arrows indicate flow 

direction. Raw IN is the location of the raw wastewater inlet. The primary and secondary lagoons are 

labeled lagoon 1 and lagoon 2, respectively. Duckweed raceway is labeled as such, and the duckweed 

collector is outlined by a dashed line. FWS CW cells are labeled as Wetland Cell 1 and Wetland Cell 2. 
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1.2 Wetland performance history 

During the first decade of operation (1996 - 2006), the WWTP’s nitrogen removal 

performance was satisfactory. The mean NH4-N effluent concentration was 1.6 mg-N L-1, well 

below the plant’s 10 mg-N L-1 discharge limit for NH4-N, and the mean TN effluent 

concentration was 3.6 mg-N L-1 (Figure 1.3). However, this performance began to wane. From 

2007 to 2017, NH4-N and TN effluent concentrations increased to 6.2 mg-N L-1 and 7.6 mg-N L-

1, with monthly NH4-N concentrations more frequently exceeding 10 mg-N L-1 (Burchell et al., 

2016) (Figure 1.2 & 1.3).  

 

 

Figure 1.2: Monthly mean NH4-N concentrations, TN concentrations, and effluent flow rates from 1996 

through 2017 at the Walnut Cove WWTP. The blue lines represent the trend in the data using a local 

polynomial regression (loess) fitting. The red dashed line in the NH4-N plot represents the discharge limit 

(10 mg-N L-1) for NH4-N in the plant effluent. Please note that while the red line is continuous in this 

plot, the limit is only in effect from April through October each year. 
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Figure 1.3: Changes in NH4-N and TN concentrations in the plant effluent between the first decade of 

operation (1996-2006) and the second decade of operation (2007-2017). 

Although effluent nitrogen concentrations increased, flow through the plant was roughly 

the same for both periods with an average effluent flow rate of 0.16 MGD during the first 10 

years and 0.17 MGD during the next 10 years (Figure 1.2). The similar flow rates of the two 

periods suggested that the declining nitrogen removal performance of the entire WWTP was not 

likely the result of either decreased residence time caused by increased flow or increased 

nitrogen loading due to added influent waste streams. Instead, the similar flow rates suggested 

that wastewater flows (and nitrogen loads to the plant) were consistent over the 20+ years of 

operation. Therefore, the decline in the nitrogen removal performance was likely caused by 

either a decline in nitrogen processing or an internal nitrogen source within the WWTP.  

 

To identify the potential location of poor nitrogen processing, Burchell et al. (2016) 

conducted a month-long preliminary study of one of the FWS CW cells from mid-May to mid-

June 2016. During the month-long study, mean TN concentrations decreased from 10.5 to 9.0 

mg-N L-1 through the wetland cell (14% concentration reduction), with the concentration 

reduction derived solely from an organic nitrogen (ON) concentration decline through the cell. 

Mean ammonium (NH4-N) concentrations actually increased substantially, from 2.6 mg-N L-1 to 

6.9 mg-N L-1 through the wetland cell. Nitrite and nitrate (NO2-N + NO3-N, hereafter just NO3-

N) concentrations were negligible (< 0.05 mg-N L-1) at both the influent and effluent sampling 

locations during the study. The negligible NO3-N concentrations were the result of insufficient 

upstream nitrification caused by the inactive lagoon aerators that had been non-functional for 

several months according to the site operators. While insufficient upstream aeration was 

certainly a factor in the poor nitrogen removal observed during the short-term study, it assumed 

to be a short-term condition and not a main cause of the long-term decline in performance 

observed in Figure 1.2. Instead, the increase in effluent NH4-N concentrations over time and the 
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NH4-N concentration increase through one of the cells during the short-term study led to the 

hypothesis that the FWS CW treatment efficiency had declined due to age. However, the short-

term nature of this study limited the applicability of the results, as the poor performance may 

have been a one-month abnormality or outlier, atypical of the general wetland performance at the 

site. Therefore, to assess the hypothesis of declining performance, a long-term monitoring study 

was initiated at both cells to evaluate wetland treatment effectiveness, identify potential cause(s) 

for the lack of nitrogen removal, and, if problems became evident, initiate techniques aimed at 

remedying the decline in nitrogen removal performance.   

 

2. METHODS AND MATERIALS 

 Detailed field and analytical methodologies were provided in Kamrath (2021), but the 

most pertinent descriptions are presented herein. 

2.1 Data Collection 

2.1.1 Sampling Stations 

Hydrology and water quality monitoring in the CWs were conducted using an 

upstream/downstream design with sampling stations located at the inlet splitter box and both 

outlet structures (Figure 1.4). Each sampling station consisted of an ISCO 6712 automatic 

sampler integrated with an ISCO 730 bubbler module (Teledyne ISCO, Lincoln, NE) (Figure 1.). 

A Campbell-Scientific weather station was installed to gather climatic data at 15-minute 

intervals, including the barometric pressure (in mmHg), total precipitation (mm), air temperature 

(˚C), relative humidity (%), wind speed (m/s), wind direction (degrees), net solar radiation (W m-

2), net latent radiation (W m-2), albedo, net radiation up (W m-2), and net radiation down (W m-2). 

Daily evapotranspiration (ET) losses were estimated using the standardized ASCE Penman-

Monteith Reference ET equation and meteorological data gathered from the on-site weather 

station (Allen et al., 2005). A U20 HOBO water level sensor (Onset Computer Corporation, 

Bourne, MA) was placed in the inlet splitter box to measure influent water temperature and 

provide backup stage measurements for flow calculations.  

 

Sampling stations were installed in July 2018 and water quality monitoring began in 

August 2018. The weather station was installed one month later, in September 2018. Initial 

equipment troubleshooting followed by site wide flood caused by precipitation from Hurricane 

Michael (October 2018) delayed the start of continuous water quality and hydrologic data 

collection until November 2018. Weekly site visits were conducted to download data and 

perform site maintenance. Water quality and hydrology monitoring was maintained through May 

of 2021 with intermittent breaks due to equipment malfunctions, flooding events, and University 

mandated COVID-19 restrictions.  
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Figure 1.4: Top: Sampling stations are shown with red circles and the weather station is shown with a 

blue star. Bottom Left: External view of a sampling station. The 30 W solar panel visible on top of 

station. Bottom Right: Internal view of a sampling station. The 6712 Portable Teledyne ISCO automated 

sampler integrated with 730 Bubbler Flow Module and two 12-volt deep cycle batteries are visible. 

2.1.2 Water quality sampling 

Water quality samples were collected using uniform time-based sampling. Daily 

composite samples were composed of two 300 mL subsamples collected at 12-h intervals. To 

preserve the samples in the field, sample bottles were pre-acidified using 25% sulfuric acid to 

preserve the sample at pH < 2 (Burke et al., 2002). Samples were collected during weekly site 

visits and composited into 7-day composite weekly samples for each sample location. Composite 

samples were submitted to the NCSU BAE Environmental Analysis Laboratory (BAE EAL) for 

analysis. Each composite sample was analyzed for TKN (Standard Methods 4500-Norg B, Bran 

& Leubbe Autoanalyzer III), NO3-N (standard autoanalyzer techniques, Lachat QuickChem 

8000), NH4-N (Standard Methods 4500‐NH3 G), and Cl- (EPA Method 325.2). Concurrent 

organic nitrogen (ON) concentrations were estimated by subtracting NH4-N from TKN and total 

nitrogen (TN) concentrations were estimated by adding TKN and NO3-N concentrations.  
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From May 2019 through May 2021, 500 mL grab samples were also collected at the inlet 

splitter box and outlet of both cells during weekly site visits. Grab samples were transported back 

to the BAE Ecological Restoration Lab on ice and analyzed for NO3-N (Hach TNT835 vials 

using EPA Hach Method 10206) and NH4-N (Hach TNT831 vials using EPA Hach Method 

10205) concentrations with a HACH DR3900 spectrophotometer. No site visits were made in 

April or May 2020 due to COVID restrictions, so no water quality samples were collected during 

this period.  

 

2.1.3 Stage measurements for flow calculations 

Sharp-crested contracted weirs with a width of 0.45 m (1.5 ft) controlled flow into and 

out of the wetland cells. Stage above weir crest (head) was measured at 15-minute intervals at 

the inlet and outlet weirs using ISCO 730 Bubbler modules integrated into the ISCO 6712 

automatic samplers. Stage data were downloaded during site visits using an ISCO 581 Rapid 

Transfer Device (RTD).  

 

2.1.4 Inert tracer testing 

Internal hydraulics were quantified and evaluated using inert tracer testing (Table 1.1). 

Tracer tests were initiated by adding either 150 mL or 200 mL of Rhodamine WT fluorescent 

dye to each wetland cell’s influent stream. Rhodamine WT dye was used as the inert tracer 

because of its ease of use and visibility. Initial background fluorescence was measured using 

grab samples collected from each outlet at the start of each test. During the tracer tests, both 

outlet ISCO automatic samplers collected discrete water samples. In the first four paired tracer 

tests, sampling was conducted using uniformly spaced 2-hour intervals (Table 1.1). Sampling 

during the final three paired tests was conducted at variable 1-to-4-hour time intervals to better 

capture the anticipated breakthrough times. The variable time intervals provided higher 

frequency sampling near the estimated breakthrough times, while still capturing the desired 

sampling period. All samples were brought back to the NCSU BAE Ecological Restoration Lab 

for analysis. Rhodamine WT concentration was measured in each sample using a Cyclops-7 

Fluorometer and Databank Handheld Datalogger (Turner Designs, San Jose, CA). Samples were 

analyzed in accordance with the recommended measurement practices in Appendix B of the 

Cyclops Submersible Sensors User’s Manual (2019).  
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Table 1.1: Overview of tracer experimental setup. Period is broken down into pre-wetland (Pre) and post-

wetland rejuvenation (Post). Time interval is the sampling time interval. Sampling start refers to the time 

at which sampling was initiated after tracer injection (t0). Note that variable time interval indicates 

variable sampling frequency used to better capture changes in tracer breakthrough. 

Test Start Date 
Wetland 

cell 
Period Time Interval 

Sampling Start 

Cell 1              Cell 2 

1 March 8, 2019 1 Pre Every 2h t0 + 7h  

2 March 23, 2019 1 and 2 Pre Every 2h t0 + 6h t0 + 22h 

3 July 26, 2019 1 and 2 Post Every 2h t0 + 30h t0 + 12h 

4 August 9, 2019 1 and 2 Post Every 2 h t0 + 22h t0 + 12h 

5 January 31, 2020 1 and 2 Post Variable t0 + 12h t0 + 12h 

6 December 9, 2020 1 and 2 Post Variable t0 + 9 h t0 + 9 h 

7 April 23, 2021 1 and 2 Post Variable t0 + 4 h t0 + 4 h 

 

2.2 Data Analysis 

2.2.1 Flow rates 

Flow was estimated from stage measurements collected at 15-minute data intervals. Flow 

rates were estimated using the Francis (1883) equation as specified for standard fully contracted 

weirs in the Bureau of Reclamation’s Water Measurement Manual (2001). The site’s sharp-

crested rectangular contracted weirs had a weir length (L) of 1.5 ft (0.45 m). With L equal to 1.5 

ft, the equation was valid for the site when H was less than or equal to 0.5 ft. Under normal 

conditions, stage was always below the 0.5 ft threshold. Once calculated, flow rate estimates 

were converted to SI units. To reduce the influence of error-inducing noise in stage 

measurements, the 15-minute flow estimates were averaged to daily flow estimates. 

 

The entire WWTP was within the 20-year floodplain associated with Town Fork Creek 

and subject to site-wide flooding. When a site-wide flood occurred, the flow rates were 

impossible to quantify (because all sharp-crested weirs were fully submerged) and omitted from 

analysis. 

 

2.2.2 Residence time distribution (RTD) analysis 

The actual flow through a wetland can be described by a distribution function of 

residence time represented by a Residence Time Distribution (RTD). An RTD is developed for 

hydraulic tracer tests by measuring the outflow and outlet concentrations of pulse-injected inert 

tracers. The developed  RTD represents the degree of residence time variability within the 
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system and can be used to evaluate the hydraulic performance of a wetland cell (Bodin et al., 

2012, 2013; Kadlec & Wallace, 2009; Levenspiel, 1999; Martinez & Wise, 2003; Persson et al., 

1999; Wahl et al., 2010). Using the RTD, wetland hydraulics can be modeled as a number (N) of 

continuously stirred tank reactors (CSTRs) in series for use in the tanks-in-series (TIS) model for 

wetland systems.  Using the TIS model, theoretical plug-flow can be represented by an infinite 

number of tanks (N) or a single CSTR can be represented by an N value of 1. Because plug-flow 

is ideal in FWS CW, the greater the value of N, the better the hydraulic performance (Kadlec & 

Wallace, 2009; Persson et al., 1999). 

 

Both the method of moments and the gamma distribution method were used to analyze 

tracer data and develop RTDs for the two FWS CWs at the Walnut Cove WWTP (Bodin et al., 

2012; Kadlec & Wallace, 2009). The mass of tracer recovered (Mrec), observed mean residence 

time (τ) and the spread of the RTD curve (σ2), and the short-circuiting index (dimensionless time 

at which 10% of recovered tracer mass has left the basin, t10/tn) were all estimated using both 

methods. From the estimates of τ and σ2, the number of tanks in series parameter (N), the 

volumetric efficiency (e), the hydraulic efficiency index (λe), and the dimensionless dispersion 

(σΦ
2) were calculated. A detailed description of the tracer test analysis can be found in Kamrath 

(2021). 

 

2.2.3 Wetland hydraulics 

The average values for Mrec, τ, N, e, λe, t10/tn, and σΦ
2 were calculated for each wetland 

cell. These average values were compared to assess the influence of the detritus removal on 

internal hydraulics. The greater the value of τ, N, and e, the better the internal hydraulics. To 

evaluate the state of the hydraulics in each wetland cell, average values were compared to the 

performance ranges described in Table 1.2. 

 

 

Table 1.2: Ranges of performance for the three evaluated hydraulic indexes. Ranges modified from 

thresholds presented in Liu et al. (2020) and Persson et al. (1999). 

Hydraulic 

Index 

Performance Ranges 

compromised acceptable excellent 

λe ≤ 0.5 0.5 – 0.75 > 0.75 

σΦ
2 > 0.2 0.1 – 0.2 0.0 – 0.1 

t10/tnom 0 – 0.3 0.3 – 0.7 > 0.7 
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2.2.4 Initial nitrogen removal performance 

Summary statistics were calculated from weekly pollutant concentrations of each 

nitrogen species (ON, NO3-N, NH4-N, and TN) at each sampling location from September 2018 

through March 2019. To provide a measure of statistical significance, student t-tests were 

performed to evaluate the difference between paired pollutant concentrations at the inlet and 

outlet 1 (wetland cell 1) and the inlet and outlet 2 (wetland cell 2). The weekly span was longer 

than the residence times in either cell. Long enough to prevent synoptic errors due to travel time 

differences. A significance level of 0.05 was used for all tests. Using the mean concentration 

during the study period, percent change through both wetland cells was calculated for each 

nitrogen species using equation 1.1.  

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 (%) 𝐶ℎ𝑎𝑛𝑔𝑒 = (
𝐶𝑖𝑛 − 𝐶𝑜𝑢𝑡

𝐶𝑖𝑛
) ∗ 100 

         (Eq. 1.1) 

where, Cin was the inlet sample pollutant concentration (mg L-1) and Cout was the outlet sample 

pollutant concentration (mg L-1). A positive change indicated an observed decrease in 

concentration through the wetland cell, while a negative change indicated an observed increase 

of concentration through the cell. 

 

For the load analysis, daily influent and effluent loads were estimated for each nitrogen 

species (ON, NH4-N, NO3-N, TN) using the linear interpolation of concentration method 

(Moatar & Meybeck, 2005). This method was selected because it was shown by Moatar & 

Meybeck (2005) to provide accurate load estimates for seasonally variable nutrient 

concentrations in monitoring programs with regular sampling. Using this method, daily loads 

were calculated by multiplying the average daily flow by the daily pollutant concentration. To 

estimate daily pollutant concentrations, the ON, NH4-N, NO3-N, and TN concentrations in each 

composite sample were applied to the days included in that sample. For periods without samples 

(winter break, tracer tests, and equipment malfunction), daily pollutant concentrations were 

estimated by interpolating between the last known daily concentration and the next known daily 

concentration. Influent and effluent loads for the period were estimated by summing the daily 

loads between 11/1/2018 and 3/31/2019 (n = 151 days). The load analysis was conducted in R 

using method 6 in the RiverLoad package (Nava et al., 2019). 

 

Wetland performance was evaluated by calculating the load reduction, removal 

efficiency, and the removal rate for each nitrogen species. Pollutant load reductions were 

calculated by subtracting the cumulative outlet loads during the study period from cumulative 

inlet loads. Wetland removal efficiency was calculated by dividing the cumulative load reduction 

by the cumulative inlet load. Average daily load reductions (kg-N d-1) were estimated by 

dividing the cumulative load reduction by the 151 days of the period. To allow for comparison to 

other wetland studies, average daily load reductions were converted to removal rate estimates (g 
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N m−2 day−1). Both a nominal removal rate (Jnom) and an effective removal rate (Jeff) were 

estimated. The Jnom estimate did not consider the internal hydraulics of the cell and assumed the 

entire nominal cell surface area (7200 m2) was used for treatment. Meanwhile, Jeff applied the 

results of the hydraulic analysis and assumed that treatment only occurred in the effective surface 

area (Ae) of each cell. Jnom was used to compare performance between other wetland studies, 

while Jeff was compared to Jnom to assess the influence of hydraulic inefficiencies on cell 

performance. All analyses were conducted using R software (R Core Team, 2017). 

 

The original water quality analysis plan focused primarily on the continuous weekly 

composite samples. However, this plan was impacted when sampling had to be suspended due to 

COVID-19 restrictions which limited field visits and more importantly, limited analysis by the 

BAE EAL. In addition to the COVID-19 restrictions, continuous weekly sampling was 

suspended due to site wide floods (in February and November of 2020), tracer tests (January 

2020, December 2020, and April 2021), and nitrate dosing experiments (September 2020, 

October 2020, and April 2020). To maintain water quality data collection during these periods, 

we utilized grab sampling and on-site analysis using the HACH DR3900 spectrophotometer, 

which also uses EPA approved methods.  

 

Because water quality grab sampling occurred during a greater portion of the study 

period, this dataset was used to evaluate NO3-N and NH4-N concentrations during the monitoring 

period. However, nitrogen removal cannot be fully assessed without total nitrogen (TN) data. 

Therefore, the more limited composite sampling data were used to evaluate dissolved organic 

nitrogen (DON), ON, total dissolved nitrogen (TDN), and TN concentrations. Concentration and 

load analyses for this period were conducted using the methods described previously. 

 

3. RESULTS & DISCUSSION 

3.1 Initial Constructed Wetland Observations 

3.1.1 Hydraulics 

The data from each tracer test and the subsequent RTDs developed using both the method 

of moments and the gamma distribution method are shown in figures 1.5 and 1.6. Tests were 

conducted at outflows between 354 m3 d-1 (0.09 MGD) and 463 m3 d-1 (0.12 MGD), which were 

slightly below the median outflow of approximately 560 m3 d-1 (0.15 MGD) during the entire 

monitoring period.  
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Figure 1.5: Results and analysis of the experiment initiated on March 8th, 2019. This experiment was a 

pilot test for site and only cell 1 was investigated. Vertical lines represent mean actual residence time (τ) 

and nominal residence time based on plug-flow characteristics (tnom). The blue line represents the RTD 

built from the method of moments. The red line represents the RTD built from fitting a gamma 

distribution. 

 

 

Figure 1.6: Results and analysis of the experiment initiated on March 23rd, 2019. Vertical lines represent 

mean actual residence time (τ) and nominal residence time based on plug-flow characteristics (tnom). The 

blue line represents the RTD built from the method of moments. The red line represents the RTD built 

from fitting a gamma distribution. 
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Based on the tracer test results, mean residence times were 0.9 to 1.1 days for wetland 

cells 1 and 2, respectively (Table 1.3). In comparison, nominal HRTs for the original wetland 

design should be 4.6 and 5.0 days for cells 1 and 2, respectively. Volumetric efficiencies (e) were 

similar in both cells at approximately 0.20 (i.e., only 20% of the nominal treatment volume was 

being used). Using the e values and estimated water depths, effective surface areas (Ae) were 

2840 and 3270 m2 in cells 1 and 2, respectively, much smaller than the designed wetland 

footprints for those cells. These Ae values were 39 and 45% of the nominal cell surface area, 

respectively. The number of tanks (N) was 3.1 and 4.3 in cells 1 and 2, respectively. In a review 

of 170 tracer tests on 106 different FWS CWs, Kadlec (2012) found that the median volumetric 

efficiency (e) was 0.7 and the median N value was 4.4, with the 10th and 90th percentiles of N 

values ranging from 1.7 to 8.9, respectively. Based on these median values, both wetland cells 

had underperforming internal hydraulics with e values well below their expected value and N 

values slightly below the expected value. 

 

Along with the e and N values, several index values were also used to contextualize the 

hydraulic performance. For both cells, the hydraulic efficiency index (λe) was less than 0.2, the 

short-circuiting index (t10/tnom) was less than 0.1, and the mixing index (σΦ
2) greater than 0.2 

(Table 1.4). When compared to the expected index values for poor, adequate, and good hydraulic 

performance in Table 1.2, it was evident that both wetland cells were hydraulic compromised 

with poor overall performance. 

 

Table 1.3: Results from the tracer tests performed in March 2019. These results represent the average of 

two tests run in cell 1 and the one test run in cell 2 during this period. Values of e, τ, N, λe are averages of 

the values derived from both the moments and gamma distribution methods for analyzing a residence 

time distribution (RTD). 

Wetland 

cell 

Estimated 

water 

depth  

(m) 

Recovery 

(%) 

Average 

Qout 

(m3 d-1) 

Nominal 

residence 

time, tn 

(d) 

Mean 

residence 

time, τ 

(d) 

Hydraulic 

efficiency, 

e 

Effective 

wetland 

area, Ae 

(m2) 

Number 

of tanks, 

(N) 

Cell 1 0.15 64 408 4.6 0.9 0.20 2840 3.1 

Cell 2 0.15 51 364 5.0 1.1 0.23 3270 4.3 

 

 

Table 1.4: Average hydraulic indices for both cells over the study period. The three dimensionless 

parameters (λe, t10, σΦ
2), were averaged over both the moment and gamma fit analysis.  

Wetland 

cell 
Tests 

Nominal 

Depth, m 
λe t10/tnom σΦ

2 

Cell 1 2 0.3 (12”) 0.13 0.09 0.35 

Cell 2 1 0.3 (12”) 0.18 0.04 0.23 
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Visual evidence also indicated that these hydraulic inefficiencies were caused by 

substantial detritus accumulation within the FWS CW basin during the 20+ years of operation. 

The accumulated detritus had formed a new substrate layer within both cells, and the water 

column was no longer in contact with the antecedent wetland soil. Observations in both cells 

suggested that the detritus depth in both cells ranged from 0.3 to 0.45 m with the surface of the 

detritus at or above the water level. This substantial accumulation of detritus led to shallow water 

depths and preferential flow paths through the cell where water flowed through small channels 

cut into the top of detritus substrate (Figures 1.7 & 1.8).  

 

The hydraulic analysis results indicated that 20+ years of operation and detritus 

accumulation had decreased the residence time of the cells from over 3 days for both cells to 

below 1 day at their median inflow rate (Table 1.3). This also increased the HLR from 

approximately 8 cm d-1, which nearly matches the 8.9 cm d-1 average HLR for FWS CWs with 

TN removal data in the Kadlec and Wallace (2009) database, to an effective HLR of 

approximately 20 cm d-1, because the actual treatment area for the wastewater was greatly 

reduced. 

 

 

 

Figure 1.7: Areal view of the tracer tests initiated on March 23rd, 2019. Limited vegetation coverage is 

apparent in this photograph. This photo was taken approximately 6 hours after the dye was released. 

Preferential flow paths are visible in cell 1 (left). The preferential flow paths for cell 2 (right) did not 

begin until the last half of the cell. 
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Figure 1.8: Observations of detritus substrate in the FWS CWs. The pictures show detritus substrate 

above the water level in some places with channelized flow paths cutting through the detritus. Although 

the cells are vegetated, the vegetation was not in contact with the wastewater, but was instead mostly 

growing on the accumulated detritus.  

 

Table 1.3: Nominal hydraulic residence time (HRT), mean residence time (τ), nominal hydraulic loading 

rate (HLR), and effective HLR using the median inflow to both cells. Nominal values are based on design 

volumes and design surface areas for the cells. Mean residence time and effective HLR use the effective 

volumes and areas of the cells based on the tracer test data. 

 Cell 1 Cell 2 

Median Qin (m3 d-1) 560 560 

Nominal HRT (d) 3.3 3.3 

Mean residence time, τ 

(d) 
0.7 0.8 

Nominal HLR (cm d-1) 7.8 7.8 

Effective HLR (cm d-1) 20 17 

 

3.1.2 Nitrogen concentration analysis 

Mean ON concentrations were 2.8, 2.4, and 2.3 mg-N L-1 at the inlet, outlet 1, and outlet 

2, respectively. ON concentration dynamics were similar in both cells with 0.4 and 0.3 mg-N L-1 

reductions in cells 1 and 2, respectively. Mean NH4-N concentrations were 8.0, 8.2 and 8.4 mg-N 

L-1 at the inlet, outlet 1, and outlet 2, respectively, an increase through both cells. Mean NO3-N 

concentrations decreased though the cells, and were 0.13, 0.09, and 0.05 mg-N L-1 at the inlet, 

outlet 1, and outlet 2, respectively. Notably, the NO3-N concentrations were well below those of 

the reduced nitrogen species (ON and NH4-N). Relative to the inlet mean concentrations at other 

FWS CWs wetlands reported by Kadlec and Wallace (2009), mean inlet ON and NO3-N 

concentrations were below or near the minimum concentrations observed in other FWS CW 
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treatment wetlands. Overall, TN concentrations were slightly reduced through each cell, with 

mean TN concentrations of 10.9, 10.7, and 10.8 mg-N L-1 at the inlet, outlet 1, and outlet 2, 

respectively.  

 

Overall, no mean concentration reductions were greater than 0.5 mg-N L-1 for any 

nitrogen species and NH4-N concentrations increased through both wetland cells (Table 1.4 & 

1.7). Of the 21 paired composite samples, there were no significant differences between inlet and 

outlet concentrations of ON, NH4-N, or TN in either cell. For NO3-N concentrations, there was a 

significant decrease between inlet and outlet concentrations in both cells. However, this 

significant difference was minor in magnitude when compared to the other nitrogen species 

concentrations, due to the very low NO3-N concentrations. Based on concentration data alone 

there appeared to be minimal nitrogen processing through the cell; this can be seen most clearly 

in the 2% or less reduction in TN concentration observed in cells 1 and 2 (Table 1.5).  

 

Because concentration changes did not consider dilution or infiltration, conclusions about 

nitrogen processing and treatment performance within the cells should not be made using 

concentration changes alone. However, two notable trends were observed in the concentration 

results. One was the lack of NO3-N in the influent waste stream. NO3-N concentrations were 

never greater than 0.5 mg-N L-1 in the influent, which was dominated by NH4-N; inlet NH4-N 

concentrations were, on average, greater than 70% of the inlet TN concentrations. Without NO3-

N entering the system, denitrification and therefore complete nitrogen removal were likely to be 

limited. Additionally, the continuation of the low influent NO3-N concentrations suggested that 

the lack of upstream aeration (i.e., pretreatment), which was initially noted in Burchell et al. 

(2016) as a short-term malfunction, was not a short-term condition and may have been 

negatively influencing nitrogen processing for longer than what was previously understood. 

 

Table 1.4: Average concentrations (± SD) of nitrogen species at each sampling location during the period 

from 9/1/2018 to 3/31/2019. The inlet sampling station samples the influent waste stream immediately 

before it enters the two wetland cells and therefore represents the influent to both cells. 

Sampling 

Station 

Average concentrations (mg-N L-1) 

ON NH4-N NO3-N TN 

Inlet 2.8 ± 1.2 8.0 ± 2.0 0.13 ± 0.08 10.9 ± 2.3 

Outlet 1 2.4 ± 1.6 8.2 ± 1.5 0.09 ± 0.06 10.7 ± 2.2 

Outlet 2 2.3 ± 1.6 8.4 ± 1.6 0.05 ± 0.03 10.8 ± 2.5 
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Table 1.5: Concentration change through the wetland based on mean concentrations during the study 

period. A positive change indicated a decrease through the wetland and a negative change indicated an 

increase through the wetland. 

Wetland 
Concentration change through cell, in mg-N L-1 (%) 

ON NH4-N NO3-N TN 

Cell 1 0.4 (14%) -0.2 (-2%) 0.04 (31%) 0.2 (2%) 

Cell 2 0.5 (21%) -0.4 (-5%) 0.08 (89%) 0.1 (1%) 

  

The other key takeaway was the increase in NH4-N concentrations through both wetland 

cells. An increase in in NH4-N concentrations also occurred during the short study in the summer 

of 2016 (Burchell et al., 2016), and this continued observation of NH4-N increases suggested an 

internal NH4-N source was present in both cells (through ammonification of water column ON, 

release of NH4-N from the substrate, or both). Additionally, the increase suggested that NH4-N 

removal processes (i.e., assimilation and nitrification) appeared limited during the study period. 

 

3.1.3 Nitrogen load analysis 

The inlet TN load during the initial monitoring period was approximately 1100 kg (7.4 

kg-N d-1) for both cells. Most of this TN load entered the cells as TKN (7.3 kg-N d-1, or 99% of 

the TN), and more specifically as NH4-N (5.4 kg-N d-1). During this period, there was a slight 

export of NH4-N in cell 2 and a slight removal in cell 1 (Table 1.8). Unlike NH4-N, ON and 

NO3-N were retained within both cells. Roughly 100 kg of ON were retained in both cells, which 

equated to a removal efficiency of approximately 35%. NO3-N removal efficiency was 

substantial (29% in cell 1 and 57% in cell 2), but actual NO3-N removal was small relative to the 

TN removal in the cells (~100 kg-N), because the influent NO3-N load was only 14 kg-N. When 

evaluated as TN, neither cell performed well (8 and 11% removal), and ON retention contributed 

the most to overall nitrogen retention within either cell.  

 

The removal rate for each nitrogen species was estimated over the period for both the 

nominal area (i.e., initial design area) and the effective area (i.e., area estimated for treatment 

from tracer studies) (Table 1.9). The nominal ON removal rate was approximately 0.1 g-N m-2 d-

1 for each cell. With NH4-N mass release and NO3-N mass retention values at essentially 0 g-N 

m-2 d-1, the nominal TN removal rates for both cells were also approximately 0.1 g-N m-2 d-1 for 

each cell. This value was well below the 0.35 g-N m-2 d-1 median annual TN removal rate 

estimated from 116 FWS wetlands by Kadlec and Wallace (2009). In fact, the TN removal rate 

in the wetland cells was in the bottom 10th percentile of the 116 wetlands evaluated. 
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Table 1.8: Influent and effluent loads for each nitrogen during the period from 11/1/2018 to 3/31/2019 

(151 days). Loads were not calculated for September and October 2018 due to flow measurement issues, 

so load removal efficiencies are somewhat different than the concentration changes. 

Wetland 
Sampling 

Station 

Load, in kg (kg/d) 

ON NH4-N NO3-N TN 

Cell 1 

Inlet 278 (1.8) 819 (5.4) 14 (0.1) 1111 (7.4) 

Outlet 175 (1.2) 811 (5.3) 10 (0.1) 996 (6.6) 

Removal 

efficiency 
37% 1% 29% 11% 

Cell 2 

Inlet 281 (1.9) 828 (5.5) 14 (0.1) 1123 (7.5) 

Outlet 188 (1.2) 838 (5.5) 6 (0.04) 1031 (6.8) 

Removal 

efficiency 
33% -1% 57% 8% 

  

Table 1.9: Areal mass removal rate of nitrogen species within each wetland during the period from 

11/1/2018 to 3/31/2019 (n = 151 days). A positive areal mass removal rate indicated a retention, and a 

negative areal mass removal rate indicated an internal release. Jnom was the nominal removal rate and Jeff 

was the effective removal rate. 

Wetland 

Surface 

Area 

(m2) 

 

Pollutant areal mass removal rate (g-

N m-2 d-1) 

ON NH4-N 
NO3-

N 
TN 

Cell 1 
7200 Jnom 0.09 0.01 0.00 0.11 

2840 Jeff 0.24 0.03 0.01 0.28 

Cell 2 
7200 Jnom 0.08 -0.01 0.01 0.08 

3270 Jeff 0.19 -0.02 0.02 0.18 

 

 

At 0.1 g-N m-2 d-1, the TN removal rate was also less than half of the 0.24 g-N m-2 d-1 of TN 

retained in a comparable FWS CW in California, which received an influent TN load of 0.98 g-N 

m-2 d-1 (0.75 g-N m-2 d-1 from NH4-N) from 9/16/1996 to 5/6/1997 (Sartoris et al., 1999). To 

further illustrate the poor nitrogen removal performance of the cells, the 0.1 g-N m-2 d-1 TN 

removal rate was below the median TN removal rate of  0.25 g-N m-2 d-1 determined from a 

meta-analysis of 203 wetlands by Land et al. (2016) and the average TN removal rate of 0.40 g-

N m-2 d-1 observed in 26 restored wetlands in Iowa receiving nitrate-enriched agricultural 

drainage by Crumpton et al. (2020). 

 

When only the effective wetland cell area was considered (i.e., the reduced wetland cell 

area due to detritus buildup), the TN removal rate increased to 0.28 and 0.18 g-N m-2 d-1 in cells 
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1 and 2, respectively. These removal rates were near the central tendency of TN removal rates 

for each of the previously stated studies (Kadlec & Wallace, 2009; Land et al., 2016; Sartoris et 

al., 1999). The near expected nitrogen removal rate when only the effective areas were 

considered demonstrated how nitrogen removal was at least in part limited by the poor hydraulic 

efficiency within the cells. Therefore, if the effective area of the cells were restored to the 

original dimensions, nitrogen load removal would likely improve. However, this increase in the 

TN removal rate when only the effective area was considered may not be observed when the cell 

is cleaned out for two reasons. One, overloaded systems have been shown to produce greater 

areal removal rates, likely because nitrogen availability is not an issue (Ingersoll & Baker, 1998). 

Two, the wetland environment (i.e., the amount of organic carbon, water depth, vegetation cover, 

shading, etc.) of the wetland cell following clean-out will be different from the previous detritus-

filled conditions. 

 

3.2 Wetland Rejuvenation 

Both hydraulic and water quality data indicated that the wetland cells were not 

performing well in N reduction.  Inert tracer tests conducted in both cells indicated that the 

detritus layer had caused significant hydraulic inefficiencies that substantially shortened wetland 

hydraulic residence time and reduced effective wetland surface area. Site measurements 

indicated that the 24 years of operation (from 1996 to 2019) had resulted in an accumulated 

detritus substrate with a depth between 0.3 and 0.45 m in both wetland cells (Figure 1.9). 

Therefore, the decline in the treatment efficiency of the two FWS CW cells over time was linked 

to the physical process of detritus (i.e., decaying biomass) accumulation.  

 

   

Figure 1.9: Left: thickness of accumulated detritus in cell 1. Right: View of wetland cell 1 immediately 

prior to clean out. Unvegetated short-circuit paths were evident. 
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There was much evidence that the cause of the poor performance was tied to nearly 25 

years of detritus buildup within the wetland, which limited hydraulic retention time, natural 

aeration, and possibly generated and internal source of NH4-N.  Therefore, with funding from the 

NC Sea Grant Community Collaboration Assistance Program, the Town was able to fund a 

wetland cleanout of one of the cells, that would allow us to perform a side-by side evaluation of 

the N removal performance of a wetland cell rejuvenated through detritus removal, versus a 

wetland cell with accumulated detritus as a control.  

 

The detritus removal was conducted on wetland cell 1.  Drying of wetland cell 1 was 

initiated in late March 2019. Inflow to cell 1 was halted by removing the weir plate and replacing 

it with a solid metal sheet and all influent wastewater was diverted into cell 2. The wetland cell 

was drained over the next four weeks. Dredging was initiated in cell 1 on April 22, 2019, using 

an excavator with an 18-m long boom to collect and remove detritus from the basin (Figure 1.5). 

Excavated detritus was placed either on the wetland cell side slopes, or between the two wetland 

cells, which allowed runoff from additional dewatering to be captured in the wetland or held in 

swales on-site. During detritus removal, clumps containing living cattails (Typha spp.) were 

placed back into the wetland cell on 1.5-m centers to speed vegetation reestablishment (Figures 

1.10 & 1.11).  

 

  

Figure 1.10: Left: the excavator removing detritus from the first half of cell 1. Right: An areal view of 

both wetland cells during the detritus removal of cell 1. Cell 1 is the top cell in this picture. 
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Figure 1.11: View of the cell 1, taken from the inlet, shows the removed detritus placed on the cell side 

slopes and the replanted cattail clumps within the FWS CW basin. 

Dredging was completed after five working days on April 29, 2019. On May 10, 2019, 

the previous inlet weir plate was reinstalled and cell 1 was brought back online to receive 

wastewater. A temporary outlet weir plate with a lower crest elevation was installed to keep the 

water depth in cell 1 around 0.15 m (0.5 ft) to improve early vegetation reestablishment. 

Vegetation appeared well established by July 2019. On August 23, 2019, the normal water depth 

of 0.3 m was reestablished by re-installing the original outlet weir plate. 

 

The techniques used in detritus removal from wetland cell 1 appeared to be successful. 

The experienced operator positioned the excavator with the 18 m (60 ft) boom on the banks of 

the wetland cell and worked from downstream to upstream. To help ensure that the proper depth 

of excavation was maintained, a surveying laser level was set up and elevations were regularly 

checked. Approximately 10-15 cm (4-6 inches) of detritus was left in place to ensure that the 

excavator bucket did not penetrate the clay liner and to leave some of the accumulated carbon 

and microbial community intact. A small buffer of wetland plants (mainly cattail, Typha spp.) 

was left in place at the edges of the wetland cell to help stabilize and filter the dredged material 

as it was placed on the banks. Other clumps of cattail were excavated and replanted in the 

wetlands simultaneously as the wetland detritus was removed. Areas near the inlet and outlet of 

the wetland cell were excavated slightly deeper and not revegetated to help distribute flow 

evenly across the wetland at the inlet, and to reduce the amount of plant material that may clog 

the outlet and downstream chlorinator. The entire wetland cell was excavated in five days. 

 

Excavated material dewatered quickly on the banks and the leachate flowed into the 

wetland. This material also compressed as it dried and vegetated with different types of grasses 

during the first growing season. Additionally, a metals analysis of this material revealed that  
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Table 1.6: Results from heavy metal analysis of detritus sample. All values are in units of mg/kg DW. 

 Cu Zn Mn Cd Pb Ni Cr 

Walnut Cove 

Detritus 
39.5 93 184.95 0.85 0.011 1.89 30.5 

Ceiling 

concentration 

limits1 

4,300 7,500 NA 85 840 420 3000 

1Ceiling concentration limits for all biosolids applied to land (US EPA, 1994). 

 

zinc, copper, lead, cadmium, and nickel concentrations were all below the pollutant 

concentration limits for the land application of bulk sewage sludge (US EPA, 1994) (Table 1.6). 

The excavation was completed at a low cost (< 15,000$ per ha), with a limited amount of 

equipment and minimal work from Town employees. It was also completed quickly, which 

allowed the wetland cell to be brought back online in less than two months. The excavation 

techniques demonstrated at the site were fully embraced by the Town and by the end of the study 

in May 2021, the Town was considering a plan to clean out wetland cell 2. 

 

Replanting the wetland by utilizing the existing plants and redistributing them evenly 

across the wetland was also a low cost (no additional plants were purchased) and efficient 

method. When the large clumps of vegetation were replanted after the excavation, the entire 

plant and root ball were placed intact within the wetland.  This method did not interrupt growth 

and allowed the wetland plants to quickly recolonize during the first growing season.  

 

Management of the excavated detritus on-site was key to reduce cost. Allowing the 

excavated material to dewater on the banks prevented runoff from carrying the material offsite 

and allowed any nutrients to leach back into the wetlands cell for treatment. Based on the 

analysis of this material, it had the potential to be used as a compost additive for landscaping and 

should be investigated further. 

 

3.3 Post-wetland rejuvenation observations 

3.3.1 Hydraulics 

During tracer tests, the average outflows from each wetland cell ranged from 350 to 470 

m3 d-1 (0.09 to 0.12 MGD). With median monthly outflows of 403 m3 d-1 and 387 m3 d-1, the 

tracer tests were conducted during typical hydrologic conditions, and therefore the results 

reflected the typical internal hydraulics of the cells. A comparison of RTDs from a paired tracer 

test in January 2020 is shown in Figure 1.12. Tracer mass recovery, a metric of tracer test 

validity, was acceptable in both wetland cells with an average of ~80% recovered in cell 1 and 

~70% recovered in cell 2 (Table 1.7).  
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Figure 1.12: Results from the experiment initiated on January 31st, 2020. Vertical lines represent mean 

actual residence time (τ) and nominal residence time (tn). The blue line represents the method of moments 

RTD, while the red line represents the gamma distribution RTD. 

 

Table 1.7: Results from tracer test RTD analysis. Values represent averages by cell, period, and capacity. 

Cells were maintained at a nominal pool depth of 0.3 m for the duration of the study, except Cell 1, which 

was held at half-capacity (HC) until August 2019 after detritus removal. Values from both RTD analysis 

methods were included in the averages. 

 

Nominal 

depth 

(m) 

Estimated 

depth  

(m) 

Tests 

Mass 

Recovery 

(%) 

N 
 Τ 

(d) 

tn 

(d) 
e 

Ve 

(m3) 

Ae 

(m2) 

Cell 1 
0.15 0.1 2 83.6 5.2 1.5 2.4 0.62 620 6180 

0.3 0.2 3 80.6 9.5 2.6 5.5 0.48 1020 5110 

Cell 2 0.3 0.15 5 67.3 4.0 1.4 5.3 0.27 580 3830 

 

The detritus removal increased both the treatment volume and the effective surface area 

in cell 1. Even when cell 1 was held at half volume in the 3 months following the detritus 

removal, its effective volume (Ve) (620 m3) was still greater than the cell 2 Ve at full volume 

(580 m3). At full volume, wetland cell 1 Ve was 1020 m3, approximately half of the design or 

nominal treatment volume (2130 m3). Using the Ve and estimated depths, the cell 1 effective 

surface areas were 6180 and 5110 m2 at half and full volumes, respectively. Note that cell 1 
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effective surface areas were expected to be greater at full volume; however, there were three site 

wide floods and a clearing of the berm that held the loose detritus, which likely deposited some 

of the sediment and detritus back into the cell after it was brought back to full volume. Even with 

the slightly lower effective surface area at full volume, both cell 1 Ae values were greater than 

the 3830 m2 estimated for cell 2 at full volume. 

 

Based on design conditions, the average hydraulic retention time for each wetland cell 

should have been approximately 5.5 days during the study period (Table 1.7). Mean residence 

times (τ), derived from hydraulic analysis data, indicated that the actual residence times in cell 1 

were approximately half this value at 2.6 days. While lower than expected, this value was still 

approximately double the 1.4 day residence time in cell 2. Along with the greater τ, both the 

number of tanks (N) and the volumetric efficiency (e) were greater in cell 1 (9.5 and 0.48, 

respectively) relative to cell 2 (4.0 and 0.27). Meanwhile, the median monthly HLRn was 5.1 cm 

d-1 for both cells and the median HLRe values were 7.2 and 9.7 in cells 1 and 2, respectively. 

Both median HLRe values were slightly greater than the median HLR of 4.3 cm d-1 for 116 FWS 

CWs treating TN reported in Kadlec and Wallace (2009).  

 

When evaluated qualitatively, cell 1 at full volume was hydraulically acceptable for the 

short-circuiting index (t10/tn) and the mixing index (σΦ
2) and was still considered hydraulically 

compromised for the overall hydraulic efficiency index (λe) (Table 1.12). However, cell 2 was 

hydraulically compromised for all three indices.  

 

3.3.2 Hydraulic Performance Improvement 

Overall, the detritus removal improved the internal hydraulics of cell 1 relative to the values 

observed during the pre-rejuvenation period. Actual residence time increased from less than 1 

day to just over 2.5 days. Not only did the actual residence time increase, but every metric 

evaluated in this study also indicated improved hydraulic performance in cell 1 after detritus 

removal: hydraulic efficiency increased, the dimensionless variance decreased, and the hydraulic 

efficiency index increased ( 

Table 1.8). This consistent improvement in hydraulic performance in wetland cell 1 can be 

attributed exclusively to the detritus removal because wetland cell 2 (which did not undergo 

detritus removal) did not exhibit a similar level of improvement. 

 

Table 1.8: Average hydraulic indices for both wetland cells over the study period. The three 

dimensionless parameters (λe, t10, σΦ
2) were averaged over both the moment and gamma fit analysis.  

Wetland 

cell 
Tests 

Nominal 

Depth, m 
λe t10/tnom σΦ

2 

Cell 1 
2 0.15 (6”) 0.59 0.21 0.20 

3 0.3 (12”) 0.40 0.30 0.13 
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Cell 2 5 0.3 (12”) 0.18 0.13 0.33 

Although the detritus removal improved hydraulics in cell 1, the improvement was 

slightly less than what was expected. Persson et al. (1999) stated that a hydraulic efficiency 

index value (λ) greater than 0.7 indicates a wetland cell with good hydraulic efficiency while λ 

between 0.5 and 0.75 is satisfactory and  λ is less than 0.5 indicates poor hydraulic efficiency.. 

The hydraulic efficiency index value for cell 1 after detritus removal increased from 0.1 to 0.4 

and was much improved but still short of satisfactory by this metric.  

 

Several factors likely combined to limit maximum impact detritus removal had on 

internal hydraulics of wetland cell 1; excavated detritus was placed on the side slopes of the cell, 

large vegetation clumps were replaced within the cell, and a 0.1 to 0.15 m layer of detritus was 

left in the cell to maintain a carbon pool and microbial community. All these factors were 

strategic decisions made to reduce costs and maintain conditions important to wetland treatment 

function.  While these methods achieved those goals, the resultant cell volume remained less 

than the initial design volume after excavation and replanting. Additionally, revegetation of the 

cell was dramatic, with a nearly 100% macrophyte cover by August 2019. The high density of 

vegetation paired with several observed muskrat lodges likely led to minor preferential flow 

paths that led to the lowered the volumetric efficiencies in cell 1 in December 2020 and April 

2021. The preferential flow paths associated with dense vegetation could be mitigated by 

improved vegetation management, as suggested by Thullen et al. (2005). 

  

3.3.3 Nitrogen concentration analysis 

Mean monthly NH4-N concentrations were 5.4, 4.5, and 5.5 mg L-1 at the inlets, outlet 1, 

and outlet 2, respectively (Table 1.9). NH4-N concentration dynamics in the two cells had 

opposing trends. NH4-N concentrations were reduced by 0.9 mg L-1 (17%) in cell 1 but slightly 

increased by 0.1 mg L-1 (-2%) in cell 2. Mean NO3-N concentrations were 0.4, 0.6, and 0.3 mg L-

1 at the inlets, outlet 1, and outlet 2, respectively. Again, concentration dynamics in the two cells 

had opposing trends; NO3-N concentrations were increased by 0.2 mg L-1 (-50%) in cell 1 but 

slightly decreased by 0.1 mg L-1 (25%) in cell 2. The greater NO3-N concentrations observed 

relative to pre-rejuvenation values were at least partially explained by the analytical methods 

used for water quality analysis. The minimum detection limit (MDL) for the Hach TNT835 vials 

was 0.2 mg L-1. Because these concentrations were so low, NO3-N removal did not have a large 

influence on the evaluation of wetland performance. Mean DON concentrations were 1.5, 1.2, 

and 1.3 mg L-1 at the inlets, outlet 1, and outlet 2, respectively. In both cells, DON 

concentrations decreased. Mean ON concentrations were 3.3, 2.2, and 3.7 mg L-1 at the inlets, 

outlet1, and outlet 2, respectively. ON concentration dynamics reflected the same trends 

observed for NH4-N, with a decrease through cell 1 (1.1 mg L-1, 33%) and an increase through 

cell 2 (-0.4 mg L-1, -12%). Mean TDN concentrations were 7.8, 6.6, and 7.5 mg-N L-1 at the  
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Table 1.9: Mean (SD) of monthly nitrogen concentrations from June 2019 through May 2021. Percent 

reduction derived from median values are reported here. Continuous data was not collected from March 

2020 through August 2020. Note samples during flooding in February, November, and December 2020 

were excluded from analysis, as well as those collected in April 2021 during a nitrate dosing study. All 

concentrations are in mg-N L-1.  

 NH4-N NO3-N DON ON TDN TN 

Cell 1 

IN 5.4 (3.2) 0.4 (0.4) 1.5 (0.8) 3.3 (2.0) 7.8 (3.5) 10.1 (3.8) 

OUT  4.5 (2.6) 0.6 (0.7) 1.2 (0.6) 2.2 (1.4) 6.6 (2.9) 7.8 (3.0) 

% Reduction 17% -50% 20% 33% 15% 23% 

n 21 21 18 17 18 17 

Cell 2 

IN 5.4 (3.2) 0.4 (0.4) 1.5 (0.8) 3.3 (2.0) 7.8 (3.5) 10.1 (3.8) 

OUT 5.5 (2.6) 0.3 (0.2) 1.3 (0.6) 3.7 (2.5) 7.5 (2.7) 10.3 (4.0) 

% Reduction -2% 25% 13% -12% 4% -2% 

n 21 21 18 17 18 17 

 

inlet, outlet 1, and outlet 2, respectively, while mean TN concentrations were 10.1, 7.8, and 10.3 

mg-N L-1 at the inlet, outlet 1, and outlet 2, respectively. TDN and TN concentrations at all 

locations were likely skewed upward due to a lack of samples from the 2020 growing season, 

when inlet and outlet nitrogen concentrations for all species would have been lower, as seen in 

the NH4-N concentration dynamics (Figure 1.13). Nevertheless, when viewed collectively, 

nitrogen concentrations decreased through cell 1 and increased through cell 2.  

 

Importantly, both cells received the same influent and experienced the same external 

factors; therefore, the influence of the detritus removal on nitrogen removal performance could 

be tested using paired Student’s t-tests between each cell’s monthly outlet concentrations. Of the 

nitrogen species analyzed, mean monthly outlet concentrations were significantly different 

between the two cells for NH4-N (p = 0.003), ON (p < 0.001), TDN (p = 0.004), and TN (p < 

0.001) (Figures 1.13, 1.14, & 1.15). For NH4-N, the mean monthly outlet concentrations from 

cell 1 (detritus removal treatment) and cell 2 (unimproved reference) were 4.5 ± 2.6 and 5.5 ± 2.6 

mg L-1, respectively (n = 21) (Table 1.13). Mean monthly NO3-N outlet concentrations from cell 

1 and cell 2 were 0.6 ± 0.7 and 0.3 ± 0.2 mg L-1, respectively, with no significant difference (p = 

0.06) (n = 21). The mean monthly DON outlet concentrations from cell 1 and cell 2 were 1.2 ± 

0.6 and 1.3 ± 0.6 mg L-1, respectively, with no significant difference (p = 0.46) (n = 18).  
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Figure 1.13 Mean monthly concentrations of NO3-N and NH4-N in grab samples collected at OUT1 (cell 

1 outlet = detritus removal treatment) and OUT2 (cell 2 outlet = control) during weekly site visits. Within 

the boxplots, the lines connected mean monthly outlet concentrations for each month. 

 

 

Figure 1.14: Mean monthly concentrations of DON and ON from weekly composite samples collected at 

OUT1 (cell 1 outlet or detritus removal treatment) and OUT2 (cell 2 outlet or control). Within the 

boxplots, the lines connected mean monthly outlet concentrations for each month. 
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Figure 1.15: Mean monthly concentrations of TDN and TN in weekly composite samples collected at 

OUT1 (cell 1 outlet or detritus removal treatment) and OUT2 (cell 2 outlet or control). Within the 

boxplots, the lines connected mean monthly outlet concentrations for each month. 

 

3.3.4 Nitrogen load analysis 

The load analysis spanned from June 2019 through May 2021 (excluding April 2021) for 

a total of 701 days. April 2021 was excluded because that period included a side experiment 

involving in-situ NO3-N dosing (Kamrath, 2021). In a similar trend to the concentration analysis, 

NH4-N was removed through cell 1 (220 kg, 13%) and exported through cell 2 (-90 kg, -5%) 

(Table 1.10). Following the same trend as NH4-N, 400 kg of ON (36%) was removed or retained 

within cell 1, while cell 2 exported 290 kg (-26%). Notably, ON was the nitrogen species with 

the largest removal in cell 1, while ON export was the largest export of any nitrogen species in 

cell 2. When compared to DON removal in both cells (80 kg in cell 1 and 20 kg in cell 2), the 

ON results suggest that the detritus removal greatly improved particulate organic nitrogen (PON) 

removal or retention within the cell. The improved PON retention in cell 1 was likely due to the 

removal of a main particulate source (the accumulated detritus) and the increased vegetation, 

which likely reduced the resuspension of ON and improved particulate interception and settling. 

The trend of removal in cell 1 and export in cell 2 was reversed for NO3-N loads since cell 1 

exported 80 kg-N (-57%) and cell 2 retained 23 kg-N (23%). However, influent NO3-N loading 

was an order of magnitude lower than NH4-N loading and accounted for only 5% of the total 

nitrogen loading. So, while NO3-N removal efficiency appeared poor in the rejuvenated cell, the 

export from this cell was relatively small and had little bearing on overall nitrogen removal. For 

TDN, removal was approximately 5 times greater in cell 1 (260 kg-N, 10%) than in cell 2 (30 kg-
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N, 1%). Total nitrogen removal was even greater in cell 1 with a 610 kg-N (19%) removal, while 

there was an overall export of nitrogen (-300 kg-N or -9%) in cell 2. In short, more nitrogen was 

removed in cell 1 following the detritus removal, while cell 2 exported nitrogen over the same 

two-year study period. These results provide strong evidence that the detritus removal had a 

positive influence on nitrogen removal.  

 

Because mass removal rates were used to compare removal in these cells to other values 

commonly found in literature, NH4-N and TN were the focus of this analysis. NO3-N removal 

was omitted from this analysis due to the very low influent concentrations and loadings. Over the 

two-year period, the average daily NH4-N Jnom values (which assumes the entire design area was 

available for treatment) were 0.04 and -0.02 g-N m-2 d-1, in cells 1 and 2, respectively (Table 

1.11). When evaluated for total nitrogen, the average daily Jnom values were 0.13 and -0.05 g-N 

m-2 d-1, in cells 1 and 2, respectively. When computed using the effective areas (Jeff), average 

daily NH4-N areal mass removal rates increased to 0.06 and -0.04 g-N m-2 d-1 and TN values 

increased to 0.19 and -0.10 g-N m-2 d-1 in cells 1 and 2, respectively. 

 

 

Table 1.10: Cumulative loading from June 2019 through May 2021, excluding April 2021. April 2021 

was excluded because that was the NO3-N dosing period, which was explored in-depth in chapter 5. Data 

were filled using linear interpolation for March 2020 through August 2020 for TDN and TN. All loads are 

in kg (kg d-1).  

 NH4-N NO3-N DON ON TDN TN 

Cell 1 

IN 1760 (2.5) 140 (0.2) 460 (0.7) 1110 (1.6) 2500 (3.6) 3220 (4.6) 

OUT 1540 (2.2) 230 (0.3) 380 (0.5) 710 (1.0) 2250 (3.2) 2600 (3.7) 

Load 

Removal 
13% -57% 18% 36% 10% 19% 

Cell 2 

IN 1760 (2.5) 140 (0.2) 460 (0.7) 1110 (1.6) 2500 (3.6) 3220 (4.6) 

OUT 1850 (2.6) 120 (0.2) 440 (0.6) 1400 (2.0) 2470 (3.5) 3520 (5.0) 

Load 

Removal 
-5% 23% 4% -26% 1% -9% 

 

 

 

 

 

 



31 

 

Table 1.11: The average daily nominal and effective areal mass removal rates (Jnom and Jeff, respectively) 

for each nitrogen species within each wetland from June 2019 through May 2021, excluding April 2021. 

A positive mass removal rate indicated a retention, and a negative mass removal rate indicated an internal 

release. 

 NH4-N TN 

Cell 1 

Jnom 0.04 0.12 

Jeff 0.06 0.17 

Cell 2 

Jnom -0.02 -0.06 

Jeff -0.04 -0.11 

 

When viewed relative to other FWS CWs, both the NH4-N and TN areal mass removal 

rates were well below the 0.3 g-N m-2 d-1 median annual NH4-N and TN  estimated from 116 

FWS wetlands by Kadlec and Wallace (2009). So, while nitrogen removal was improved in cell 

1 relative to cell 2, neither cell had optimum nitrogen removal performance during the period. Of 

particular interest, the TN Jnom the cell 1 after the detritus removal was similar to the TN Jnom 

observed in both cells during the pre-rejuvenation period. While this may suggest that the 

detritus removal did not improve nitrogen removal, the TN Jnom value was still well above the 

post-cleanout value for cell 2. Instead, it was more likely that pre-cleanout performance was 

slightly overestimated during the relatively short initial monitoring period.  

 

3.4 Nitrogen Removal Performance Improvement 

The results from concentration analysis indicated that the detritus removal had a 

significant influence on nitrogen removal within the Walnut Cove wetlands. Notably, the detritus 

removal in cell 1 resulted in significantly improved NH4-N removal in cell 1 relative to the 

unimproved cell 2, which led to the outlet NH4-N concentration in cell 1 being, on average, 1 mg 

L-1 lower than that of cell 2. The improved NH4-N removal resulting from the detritus removal 

was of particular importance for the Town of Walnut Cove because the site’s NPDES permit has 

NH4-N discharge limit of 10 mg L-1 from April through October each year. Potential 

mechanisms for the improved NH4-N removal in cell 1 included improved assimilation due to 

the increase in vegetation; improved transfer of nitrogen in the water column to the subsurface 

(i.e., a hotspot for microbial activity and nitrogen transformation) through increased 

transpiration; improved nitrification through increased submerged surface area, increased 

dissolved oxygen transfer: increased residence times; and reduced internal nitrogen release 

through the removal of most of the detritus (i.e., the internal NH4-N source). The increase in 

NO3-N concentrations observed in cell 1, paired with the decrease in NO3-N concentrations 

through cell 2 suggested that improved nitrification may also have occurred as a result of the 
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detritus removal and revegetation. However, concentration change data alone does not provide 

enough evidence to rule out other explanations. For example, cell 2 may have had the same 

amount of nitrification but more denitrification, or the detritus placed on the side slopes may 

have leached NO3-N back into wetland cell 1 as it desiccated.  

 

In addition to the improved processing of NH4-N, another notable improvement caused 

by the detritus removal was the higher reduction in ON through cell 1 relative to cell 2. Because 

both wetland cells had nearly identical DON removal, the increased ON reduction in cell 1 

suggested that the detritus removal improved particulate ON (PON) removal. It was likely that 

removing the detritus from cell 1 reduced the potential for resuspension, which continued to 

occur in cell 2. It was also likely that the revegetation of cell 1 also improved its ability to 

intercept and retain suspended particulate matter as wastewater passed over an increased 

effective surface area. The improved NH4-N and ON removal in cell 1 resulted in an improved 

nitrogen removal in that cell relative to the reference cell 2. While the detritus removal and 

revegetation clearly improved nitrogen processing in cell 1 relative to cell 2, the load reduction 

and mass removal rates were needed to quantify the magnitude of removal at the site and 

contextualize the nitrogen removal at Walnut Cove relative to other FWS CWs treating nitrogen 

pollution. 

 

3.5 Age influences treatment through detritus accumulation 

The lack of nitrogen removal in the aging wetland cells indicated that operational age, 

particularly due to lack of maintenance and excessive detritus build-up, does influence nitrogen 

removal. From the data gathered, the poor nitrogen removal was due, at least in part, to the 

reduced residence times and surface areas caused by the poor internal hydraulics. The reduced 

surface area is of particular importance because it results an increase in HLR based on equation 

2.2. HLR has been negatively correlated with TN removal in FWS CWs (Crumpton et al., 2020; 

Ingersoll & Baker, 1998; Land et al., 2016). Thus, while the initial nitrogen removal in the FWS 

CWs was unknown, it can be inferred that the reduction in surface area due to hydraulic 

inefficacies has diminished the nitrogen removal performance.  

 

The poor internal hydraulics were the product of 20+ years of accumulated detritus that 

had formed into a 0.3 to 0.45 m deep substrate overlying the FWS CW bottom. Not only did this 

accumulated detritus substrate limit the wetland cell treatment area, but it also had the potential 

to be an internal nitrogen source. Table 1.4 showed that NH4-N concentrations increased through 

both cells, and Table confirmed a small export of NH4-N from cell 2. The NH4-N export was 

caused by either ammonification in the water column or ammonification in the detritus and the 

subsequent diffusion of NH4-N from the detritus substrate porewater to the water column. The 

regeneration of NH4-N from decaying vegetation within a FWS CW was suggested by Sartoris et 

al. (1999), and, while not addressed in this chapter, its influence on nitrogen dynamics at Walnut 

Cove and other FWS CWs will be discussed later in this report. 
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Of note, this accumulated detritus and the accompanying hydraulic inefficacies were 

found to be the main cause of diminished phosphorus removal performance over time at the 

Orlando Easterly Wetlands (Martinez & Wise, 2003; Wang et al., 2006). The connection 

between age and accumulated detritus in both studies suggested that the underlying cause of 

diminished performance with age is the physical process of the FWS CW basin filling in with 

decaying biomass. As a physical process, the accumulation of detritus over time has the potential 

to be universal for FWS CWs with macrophyte vegetation, which suggests that managing 

vegetation or detritus will be critical for sustaining FWS CW treatment effectiveness over time. 

 

3.6 Future for detritus removal to improve nitrogen removal 

Overall, this study showed that detritus removal can improve NH4-N, ON, and TN 

removal in an aging FWS CW receiving NH4-N dominated lagoon effluent. Because NH4-N was 

the most important nitrogen species to the operators of the Walnut Cove WWTP, cleaning out 

wetland cell 2 to improve its performance is recommended. If site conditions remain the same 

(i.e., the influent waste stream continues to be NH4-N dominated), then a more aggressive 

detritus removal will be necessary in wetland cell 2. Leaving a detritus substrate would likely 

help to maintain higher denitrification rates (by providing an organic carbon source), but with no 

influent NO3-N and a discharge limit on NH4-N, the focus at this and other similar sites should 

be on nitrification. Additionally, segments of the wetland cell could be maintained to alternate 

between dense revegetation and open water (perpendicular to the flow direction) as suggested by 

(Keefe et al., 2010; Persson, 2000; Thullen et al., 2002, 2005), instead of the complete 

revegetation conducted in cell 1. This could provide better oxygen transfer, which will be needed 

to facilitate the necessary nitrification process, and it will likely improve internal hydraulics by 

allowing the water to spread back across the full wetland width in the open segments. Broad 

recommendations to optimize the detritus removal process for nitrogen removal at other sites 

should be made cautiously until after the influence of the detritus removal on NO3-N removal 

performance has also been evaluated (discussed later in this report).  

 

While improvement in NH4-N removal was the most important outcome for the Walnut 

Cove WWTP, FWS CWs are most often designed to remove the NO3-N. Thus, the NO3-N 

removal results were expected to be the most pertinent for future detritus removal projects across 

North America. However, conclusions about NO3-N removal within the wetlands were difficult 

to develop due to very low NO3-N concentrations in the wastewater entering the wetland cells 

(often <0.5 mg L-1). Both cells showed conditions favorable for denitrification (e.g., low DO, 

high carbon), but it remains unclear why cell 2 appeared to outperform the newly rejuvenated 

cell 1 at these low NO3-N concentrations. It was hypothesized that the increased residence time 

and vegetation density provided by the detritus removal were the source of increased nitrification 

in wetland cell 1. This increased nitrification created more NO3-N internally, which resulted in 

more NO3-N export. While this hypothesis fit with what was observed, other potential causes for 
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the NO3-N export could not be ruled out. These included the leaching of NO3-N from the detritus 

stored on the banks and small flow measurement errors that were magnified when applied to the 

small NO3-N concentration measurements. These observations were additional motivation to 

perform nitrate dosing experiments discussed later in this report. 

 

4. CONCLUSION 

The initial seven-month study found that nitrogen removal in aging FWS CW cells was 

substandard. TN concentration reductions were 2% and 1% in cells 1 and 2, respectively. The 

TN removal rates were 0.1 g-N m-2 d-1 for each cell (based on nominal cell volumes), which 

were well below what has been observed at other FWS CWs treating nitrogen-enriched 

wastewater. This general lack of TN removal matched the lack of nitrogen removal observed by 

Burchell et al. (2016) in cell 1 in the spring 2016, which suggested that this poor nitrogen 

removal performance had been consistent. The poor performance was linked to the poor internal 

hydraulics of both cells. Based on these observations, wetland nitrogen removal could be 

improved by either removing the detritus substrate or by increasing upstream nitrification, or 

both. 

 

This study focused on the detritus removal method, with detritus being removed from one 

of the two 20+ year old parallel FWS CWs within the Walnut Cove WWTP. The process of 

detritus removal was successful, rapid, and cost effective. The impact of the detritus removal was 

evaluated by comparing the internal hydraulics and nitrogen removal of the rejuvenated wetland 

(cell 1) to the unimproved wetland (cell 2). Paired tracer tests conducted in both cells revealed 

that the hydraulic performance of the rejuvenated wetland cell was substantially improved. A 

comparison of outlet concentrations showed that the rejuvenated wetland (cell 1) removed 

significantly more NH4-N, ON, and TN than the reference (cell 2).  

 

As FWS CWs age across North America, it will become increasingly necessary to 

develop techniques to remediate the detritus accumulation and decline in treatment efficiency 

associated with operational age. This research in particular provides some of the first evidence 

that indicates that detritus removal can improve nitrogen removal in aging FWS CWs. Overall, 

the project results have convinced the Town to make plans to complete a detritus removal in the 

second wetland. This work will also provide operational and maintenance guidance to other 

towns in NC and across the country with aging wetland systems. 
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Chapter 2: Estimating ammonium release from accumulated 

detritus in a free water surface constructed wetland 

1. INTRODUCTION 

Within free water surface (FWS) constructed wetlands (CW), the accumulation of 

decaying biomass (i.e., detritus) has the potential to negatively influence treatment performance 

(Kadlec & Wallace, 2009; Martinez & Wise, 2003; Thullen et al., 2005; Wang et al., 2006). The 

problem begins with the stands of macrophyte vegetation that thrive in FWS CWs treating 

wastewaters with high nutrient levels. This vegetation is necessary for optimal wetland 

performance because it intercepts suspended solids, assimilates nutrients, contributes a carbon 

source for denitrification, and provides a surface biofilm growth (Brix, 1997; Kadlec & Wallace, 

2009; Mitsch & Gosselink, 2015; Thullen et al., 2005). However, the detritus from this 

vegetation falls back into the FWS CW basin at the end of each growing season. This detritus 

decays slowly because of the maintained saturated conditions in these systems, which allows for 

a buildup over time (similar to the process of bog formation) (Kadlec et al., 2010; Kadlec & 

Wallace, 2009; Mitsch et al., 2012; Thullen et al., 2005).  

 

While some detrital material enhances wetland treatment, accumulated detritus can 

severely reduce water depths, effective areas, basin volume, and hydraulic retention times – 

thereby, decreasing treatment efficiency (Kadlec et al., 2010; Kadlec & Wallace, 2009; Martinez 

& Wise, 2003; Wang et al., 2006). Detritus accumulation rates have been observed to be between 

1-3 cm yr-1 in depth in high nutrient environments (Kadlec et al., 2010; Kadlec & Wallace, 

2009). At these rates, substantially reduced treatment efficiency can occur within 10 to 20 years 

of operation. In addition to its negative influence on internal hydraulics, an accumulated detritus 

substrate has also been identified as a potential internal nitrogen source (Reddy et al., 1984; 

Sartoris et al., 1999; Thullen et al., 2002).  

 

Soil diagenetic processes lead to NH4-N accumulation within the detritus substrate 

porewater, and thus becomes a potential internal nitrogen source. NH4-N accumulates because of 

two processes. First, NH4-N is produced as a by-product of microbial respiration. Then, NH4-N 

removal via nitrification is inhibited by the lack of oxygen under the anaerobic soil conditions 

present in FWS CWs (Reddy et al., 1984). As NH4-N accumulates, the NH4-N concentration 

increases within the substrate porewater. As the NH4-N concentration increases in the porewater 

diffusion drives NH4-N upward into the overlying water column (Figure 2.1).  
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Figure 2.1: Diagram nitrogen processing in a FWS CW with detritus accumulation. 30 cm of 

accumulated detritus has greatly reduced the depth of the water column. The aerobic zone has been 

expanded to better present nitrogen processing. The actual aerobic or oxidized zone would only be less 

than 1 cm in depth. Diagram modified from nitrogen cycling presented in Kadlec and Wallace (2009). 

While these consequences are known, research to quantify the influence of accumulated 

detritus on treatment performance is scarce. With little research available, the process has not 

been included in the current FWS CW design models (often the tanks-in-series or TIS model) 

(Kadlec & Wallace, 2009) used in predicting NH4-N removal performance. The scarcity of 

research on pollutant return rates is noted in Kadlec and Wallace (2009), where the authors stated 

that although chemical return rates from the wetland substrate are likely significant, there was “at 

present [2009], no scientific study to provide guidance on modeling this transfer.”  

 

The two FWS CW cells at the Walnut Cove wastewater treatment plant (WWTP), 

described in Chapter 1, provided an opportunity to study the influence of an accumulated detritus 

substrate on nitrogen removal and model the return of nitrogen from the substrate back to the 

water column. AS discussed earlier in detail, an initial short-term monitoring study in May 2016 

revealed that the average daily inlet NH4-N concentrations of 2.6 mg-N L-1 increased to 6.9 mg-

N L-1 at the outlet : a 4.4 mg-N L-1 increase in NH4-N concentrations through the cell (Burchell et 

al., 2016). This short-term study was followed by a more intensive longer-term study from 

September 2018 to March 2019, which showed that the average inlet and outlet NH4 

concentrations for both cells were 8.0 and 8.3 mg-N L-1, respectively. The general increase in 

NH4-N concentrations through the cells in both studies suggested that the accumulated detritus 

substrate within the FWS CW cells produced an internal NH4-N source. Furthermore, the greater 

increase in NH4-N concentrations through the cells at lower inlet NH4-N concentrations 

suggested that the internal release of NH4-N from the detritus substrate porewater up to the water 

column was likely driven by diffusive transport.   
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As a first attempt to quantify the magnitude of an internal nitrogen source in the FWS 

CW, and to begin closing the return rate knowledge gap, a laboratory study was initiated to: (1) 

represent NH4-N release dynamics using a simple kinetic model and (2) estimate the NH4-N 

release from the accumulated detritus substrate (i.e., the internal nitrogen source) at the Walnut 

Cove wetlands. To complete these objectives, wetland microcosms were prepared using 

accumulated detritus from the currently operational 24-year-old FWS CW cells at the Walnut 

Cove WWTP in North Carolina. The study’s practical objectives were to highlight implications 

of poor wetland maintenance and motivate wetland operators to initiate regular detritus cleanouts 

to improve long-term nitrogen treatment performance. 

 

2. METHODS AND MATERIALS 

 Laboratory and analytical methodologies were provided in depth in Kamrath (2021), but 

pertinent details are presented herein. 

2.1 Experimental design 

Nine experimental units (i.e., microcosms) consisted of 20 cm x 13 cm x 30 cm plastic 

containers with internal baffles filled with an aged detritus substrate. The detritus substrate was 

collected from several different locations in a 24-year-old FWS CW cell treating municipal 

wastewater in Walnut Cove, NC. To collect the detritus, laboratory personnel waded into the cell 

and shoveled detritus from mixed depths into three 19-L (5-gal) buckets. These buckets were 

brought back to the lab in Raleigh, NC, where they were left undisturbed for at least 24 hours 

before excess water was poured off and the contents of each bucket were combined in a 66-L 

(70-qt) muck bucket. From the bottom to the top, each microcosm was filled with the detritus 

substrate (3 kg wet weight; ~9 cm depth) followed by 3-L of source water (~9 cm water column 

depth) (Figure 2.2). Care was taken to minimize the disturbance of the detritus substrate when 

adding water. Advective transport was minimized by using batch design instead of a flow 

through design for the wetland microcosms. The microcosms were then covered with black 

plastic to limit both light exposure and gas exchange with the atmosphere, both of which had the 

potential to increase confounding nitrogen conversions (assimilation and nitrification). 
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Figure 2.2: Top left: Microcosms from run 1 after detritus substrate addition. Note that the depth of the 

detritus is approximately 9 cm (0.3 ft). Top right: A microcosm from run 3 after detritus and source water 

addition. Bottom: a picture of the nine microcosms covered by a black tarp to limit light penetration. 

 

The experiment was conducted three times. A new batch of detritus was obtained from 

the Walnut Cove FWS CW cell for each experimental run. Each run lasted approximately 2 

weeks. For each experimental run, the initial water column NH4-N concentration was set to one 

of three target concentrations (0 mg L-1, 5 mg L-1, and 10 mg L-1) (Figure 2.3). These initial 

values spanned the range of likely influent NH4-N concentrations to the Walnut Cove wetlands. 

The initial NH4-N concentrations were achieved using powdered standard grade (>99%) 

ammonium sulfate ((NH4)2SO4) (Alpha Chemicals, MO) dissolved into a source water reservoir. 

Each initial water column NH4-N concentrations were replicated in triplicate and randomly 

assigned to the nine wetland microcosms. 
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Figure 2.3: Experimental setup for each run. Nine microcosms were created from a new batch of detritus 

for each run. In each run, three target initial NH4-N concentrations were applied in triplicate. 

 

To create the source water reservoir for each initial NH4-N concentration, three 66-L (70-

qt) buckets were each filled with ten liters of filtered tap water. The amount of (NH4)2SO4 added 

to each mixing bucket was 0 g, 0.24 g, and 0.47 g to the 0 mg-N L-1, 5 mg-N L-1, and 10 mg-N L-

1 treatments, respectively. After the (NH4)2SO4 additions, each bucket was mixed for 

approximately 1 minute. After the source water was mixed, each source water reservoir was 

sampled and analyzed to obtain the initial NO3-N and NH4-N concentrations. Source water 

ammonium concentrations were within 1.3 mg N L-1 of the target concentrations for each 

experiment (Table 2.1).  

 

2.2 Water quality analysis 

Water quality samples were collected directly from each microcosm water column via a 

1000-µL pipette with Fisherbrand SureOne pipette tips (Thermo Fisher Scientific, Waltham, 

MA). Initial samples were collected in the first hour after the microcosms were loaded. After this 

initial sampling, samples were collected on days 1, 2, 3, 5, 7, 8, and 18 for the first experimental 

run and days 1, 3, 5, 7, and 11 for the final two runs. Water quality samples were analyzed 

immediately using a HACH DR3900 Spectrophotometer (HACH, Loveland, CO). Samples were 

analyzed for ammonium concentrations (mg-N L-1 or g-N m-3) using TNTplus 832 vials and the 

 

Table 2.1: The initial NH4 concentrations in the source water relative to the target initial NH4 

concentrations for each experimental run. 

Run Dates 
Treatment 

0 mg-N L-1 5 mg-N L-1 10 mg-N L-1 

1 11/12/20 to 11/26/20 0.4 6.2 10.7 

2 12/10/20 to 12/21/20 0.4 5.9 11.3 

3 1/25/21 to 2/5/21 0.8 5.5 10.2 
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USEPA compliant method 10205. Samples were also analyzed for nitrate concentrations (mg-N 

L-1 or g-N m-3), as a check for potential nitrification within the microcosms, using TNTplus 835 

vials and the USEPA compliant method 10206. 

  

Although water quality samples were collected over a period longer than 7 days, 

increasing nitrate concentrations (a sign of nitrification) were observed in samples collected after 

day 7. The mean NO3-N concentration in all runs for samples taken between day 0 and day 7 was 

0.3 mg-N L-1, but the mean NO3-N increased to 1.5 mg-N L-1 for samples taken after day 7. 

Because nitrification converts NH4-N to NO3-N, NH4-N release rates estimated with data 

influenced by nitrification would underestimate the actual release rate from the substrate, and 

instead represent a net or apparent NH4-N release rate (i.e., the NH4-N release rate minus the 

nitrification rate). Therefore, to best estimate NH4-N release rates and remove the potential 

nitrification influence, samples taken after day 7 were omitted from analysis. The reduction to a 

seven-day period was acceptable because the wetland study site had a residence time less than 3 

days and the average nominal hydraulic retention time (HRT) in most FWS CWs is 

approximately 7 days (Gerke et al., 2001; Kadlec & Wallace, 2009). 

 

2.3 Nitrogen dynamics 

Nitrogen removal in treatment wetlands is often represented using the steady-state first-

order k-C* model (Kadlec & Wallace, 2009). To represent the internal hydraulics of a treatment 

wetland more accurately, this k-C* can be expanded to include the number of tanks-in-series 

(TIS) derived from the wetland’s residence time distribution (RTD). From this baseline, first-

order areal conversions for ON, NH4, and NO3 can be combined to create a sequential nitrogen 

dynamics model. A mass balance can then be computed for each theoretical tank in the model to 

better represent the entire nitrogen cycle within a wetland (Gerke et al., 2001; Kadlec, 2008; 

Kadlec & Wallace, 2009). In this model, ammonium production within the wetland is limited to 

the ammonification of water column organic nitrogen and does not consider the ammonium 

return from the substrate (Equation 2.1) (Kadlec, 2008). 

 

𝑄𝐶𝐴,𝑜𝑢𝑡 = 𝑄𝑖𝑛𝐶𝐴,𝑖𝑛 + (𝐽𝐴 − 𝐽𝑁 − 𝐽𝐴𝑈)𝐴𝑗 

         (Eq. 2.1) 

where, the first term (𝑄𝑖𝑛𝐶𝐴,𝑖𝑛) is the NH4-N load into the tank (g d-1), the second term 

(𝐽𝐴 =  𝑘𝑎𝐶𝑂,𝑗) is the NH4-N load added due to ammonification of ON in the water column, the 

third term (𝐽𝑁 =  𝑘𝑛𝐶𝐴,𝑗) is the NH4-N load removed due to nitrification to NO3-N, and the 

fourth term (𝐽𝐴𝑈) is the NH4-N load removed by plant uptake.  Here we suggest adding a first-

order release rate to the model to represent the upward flux of NH4-N from an accumulated 

detritus substrate (Equation 2.2 & Figure 2.4). 
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𝑉
𝑑𝐶𝐴

𝑑𝑡
= 𝐽𝑈𝐹𝐴 = 𝑘𝑢𝐴(𝐶𝑝𝑤 − 𝐶𝐴) 

         (Eq. 2.2) 

 

where JUF is the upward flux (g-N m-2 d-1), A is the surface area (m2), ku is the rate constant or 

upward diffusion velocity constant (m d-1), Cpw is the NH4-N concentration in the porewater (mg 

L-1), and CA is the NH4-N concentration in the water column (mg L-1). Mechanistically, this 

model describes the diffusive transport of NH4-N from the substrate porewater to the overlying 

water column by having the upward flux approach zero as CA approaches Cpw. This term could 

easily be added as a fifth term to the previous sequential model (Equation 2.1). Equation 2.2 was 

derived analytically to provide an equation that could be used to predict CA at time t (Ct) 

(Equation 2.3)  For overlying water of area (A) and depth (h), we hypothesize that the 

accumulation of ammonium in the water column can be approximated by a first order rate and be 

written as: 

𝐶𝑡 = 𝐶𝑝𝑤 − (𝐶𝑝𝑤 − 𝐶0) ∗ 𝑒−
𝑘𝑢
ℎ

𝑡
 

         (Eq 2.3) 

where Ct is the concentration attime, t (g m-3); C0 is the initial water column NH4 concentration 

(g m-3);; and h is the distance from the midpoint of the substrate to the midpoint of the water 

column (m). The experimental laboratory data were used to calibrate the model parameters (ku 

and Cpw) using Eq 2.3.  

 

Model parameters (Cpw and ku) were calibrated to data from each experimental unit (n = 

27). The “optim” function within the R stats package was used to generate the optimum 

calibration values (RStudio Team, 2021). Optimization was conducted by using the Nelder-Mead 

method to minimize the root mean squared error (RMSE) between measured NH4 concentrations 

(Ct) and predicted NH4 concentrations (Nelder & Mead, 1965). The initial ku value was set to 0.1 

m d-1 (36 m yr-1) (a value within the range of rate coefficients for ON removal in FWS CWs 

(Kadlec & Wallace, 2009)), h was set to 0.09 m (based on the depth of the water column), Cpw 

was set to 10 g-N m-3 (based on the results from porewater samplers), and C0 was set to the NH4 

concentration in the source water (Table 2.1). Model performance was evaluated using the 

coefficient of determination or Nash-Sutcliffe Efficiency (R2).  
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Figure 2.4: Return of NH4-N produced within the detritus substrate to the overlying water column. 

2.4 Statistical analysis 

A one-way ANOVA was used to evaluate differences between experimental runs (Run) 

(i.e., detritus batches) for each calibrated parameter values (Cpw) and (ku). Differences between 

runs would suggest variability in NH4-N release relative to both within basin detritus 

composition and water temperature during sampling. There were nine replicates of each 

microcosm per experimental run. The statistical model in this analysis is described below 

(Equation 2.4). 

𝑌𝑖𝑗 =  µ +  𝛼𝑖 +  𝜀𝑖𝑗 

         (Eq. 2.4) 

where, Yij  = parameter value for the ith run,  µ = overall mean, αi = the fixed effect of the ith run, 

and εij = experimental error in jth observation on a response variable at the ith run.  The null and 

alternative hypotheses to be used was given as: 

 

H0: µrun1 = µrun2 = µrun3 

Ha: Not all µ are equal or, at least one is different from the others 

 

To determine which groups are statistically different from one another, a Tukey’s Honestly 

Significant Difference (Tukey’s HSD) post-hoc test for pairwise comparisons. All statistical tests 

were considered significant at an alpha = 0.05. 

 

3. RESULTS & DISCUSSION 

3.1 NH4-N concentration changes 

NH4-N concentrations were measured in the overlying water column over the 7-day 

period in each of the experimental units (Table 2.2 & Figure 2.5). In all instances, except for the 

period between day 5 and 7 in the 10 mg L-1 treatment of Run 3, mean NH4-N concentrations 

increased between each measurement for each treatment in each experimental run. Greater 
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increases in NH4-N concentrations were observed in the microcosms with lower initial NH4-N 

concentrations. The microcosms with an initial CA of 0 mg L-1 ended on day 7 at 8.5, 7.8, and 5.1 

mg L-1 in runs 1, 2, and 3, respectively. Meanwhile, the microcosms with an initial CA of 10 mg 

L-1 ended on day 7 at 14.8, 13.3, and 11.2 mg L-1 in runs 1, 2, and 3, respectively. These results 

suggested an inverse relationship between initial NH4-N concentration and the amount of NH4-N 

released from the substrate. Furthermore, the mean NH4-N concentration change decreased over 

time. Between days 1 and 3, the NH4-N concentration increased by 1.4 mg L-1, on average across 

all runs and treatments. This change dropped to 0.9 mg L-1 between days 3 and 5 and to 0.5 mg 

L-1 between days 5 and 7 (Table 2.2). Both inverse relationships suggested that not only was the 

NH4-N release rate lower when the overlying water column had higher NH4-N concentration, but 

that the NH4-N release rate decreased as NH4-N concentrations increased within the seven-day 

period. These relationships were consistent with the hypothesis that NH4-N mass transfer rates 

from the substrate porewater (created as a byproduct of respiration processes) to the overlying 

water column are driven by the magnitude of the concentration difference between two volumes 

(i.e., diffusion). 

 

Table 2.2: The mean NH4-N concentrations (mg L-1) on each sampling day for each initial NH4-N 

concentration in each experimental run. Day 0 represented the NH4-N concentrations approximately 1 

hour after the microcosms were prepared. The high increase in NH4-N concentrations in this short period 

was likely due to the mixing associated with creating the wetland microcosms. 

Experimental 

Run 

Initial NH4-N 

concentrations 

Time after initial preparation 

Day 0 Day 1 Day 3 Day 5 Day 7 

Run 1 

0 3.0 3.4 5.8 7.1 8.5 

5 7.1 7.8 9.7 11.1 11.9 

10 11.3 12 13 13.5 14.8 

Run 2 

0 1.6 2.9 5.4 7.0 7.8 

5 6.9 7.6 8.7 10.3 10.7 

10 12.1 12.0 12.4 13.0 13.3 

Run 3 

0 1.5 2.2 3.6 4.5 5.1 

5 5.8 6.9 8.0 8.3 8.3 

10 10.1 10.4 11.7 11.8 11.2 
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Figure 2.5: The measured NH4-N concentrations over time for each experimental unit. The plots are split 

by experimental run. The x-axis represented days since the microcosms were started. The y-axis 

represented the NH4-N concentrations in the overlying water column. 

3.2 Model calibration 

For each of the three runs, the ammonium upward flux in each of the 9 microcosms were 

calibrated to the model represented in equation 2.3 using measured NH4-N concentrations in the 

water column. For each experimental unit (n = 27), a pair of parameters were calibrated; the 

effective porewater concentration Cpw and the upward velocity flux or rate constant (ku). The 

calibrated Cpw values ranged from 4.7 to 21.6 mg-N L-1, with an average of 11.2 mg-N L-1 and a 

median value of 11.8 mg-N L-1 (Table 2.3 & Figure 2.6). The calibrated ku values ranged from 

0.004 m d-1 to 3.2 m d-1, with an average of 0.3 m d-1 and a median of 0.04 m d-1 (Table 2.3 & 

Figure 2.6). Model efficiencies (R2) ranged from 0.04 to 0.99, with an average of 0.77 and a 

median of 0.89 (Table 2.3). The high mean and median efficiency values suggested that the 

upward flux of ammonium from the detritus into the water column was captured using this 

simple first order model. Our hypothesis that NH4 mass transfer rates from the substrate 

porewater (created as a byproduct of respiration processes) to the overlying water column are 

driven by the magnitude of the concentration difference between two volumes (i.e., diffusion) 

was again supported by the modeling exercise.  

 

Although the model generally performed well, there were four experimental units that 

were not well represented by the model. Each of the four had ku values greater than 0.5 m d-1 

(Figure 2.6). The low R2 values associated with these units (R2 < 0.5) indicated that each was 

poorly calibrated to the model. In each case, it appeared that this was because of a delay in NH4-

N release that was observed in those experimental units, which resulted in a diffusion response  
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Table 2.3: Two-way ANOVA results. Treatment (initial NH4 concentration) and block (experimental run) 

where evaluated for their effect on areal NH4 release rate (JUF). These rates represent ammonium release 

over a seven-day. 

 
ku  

(m d-1) 

Cpw  

(mg-N L-1) 
R2 

Min 0.004 4.7 0.04 

Median 0.04 11.8 0.89 

Mean (± SD) 0.29 (± 0.8) 11.2 (± 4.0) 0.77 (± 0.26) 

Max 3.2 21.6 0.99 

 

 

Figure 2.6: Density plots of calibrated parameter values Cpw and ku for every experimental unit (n = 27). 

The plots show the relative distribution of calibrated values. Density estimate was scaled to maximum of 

1. 

that was not represented by the proposed equation. As a result, these values were omitted from 

further analysis. 

 

Using the 23 remaining experimental units, the calibrated Cpw values had the same range 

and average values, but the median value dropped slightly to 11.2 mg-N L-1 (Table 2.4 & Figure 

2.7). Meanwhile, the calibrated ku values ranged from 0.004 m d-1 to 0.13 m d-1, with an average 

of 0.03 m d-1 and a median of 0.03 m d-1 (Table 2.4 & Figure 2.7). Mean and median model 

efficiencies (R2) increased to 0.85 and 0.92, respectively (Table). 
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Table 2.4: Two-way ANOVA results. Treatment (initial NH4 concentration) and block (experimental run) 

where evaluated for their effect on areal NH4 release rate (JUF). These rates represent ammonium release 

over a seven-day  

 
ku  

(m d-1) 

Cpw  

(mg-N L-1) 
R2 

Min 0.004 4.7 0.47 

Median 0.03 11.1 0.92 

Mean (± SD) 0.03 (± 0.03) 11.2 (± 4.2) 0.85 (± 0.15) 

Max 0.13 21.5 0.99 

 

 

Figure 2.7: Density plots of calibrated parameter values Cpw and ku for the remaining experimental units 

(n = 24). The plots show the relative distribution of calibrated values. Density estimate was scaled to 

maximum of 1. 

 

3.3 Statistical analysis 

3.3.1 Porewater concentration (Cpw)  

A statistically significant difference was found in the calibrated Cpw values between 

experimental runs (F-value = 23.5, p < 0.012) (Table 2.5). A Tukey post-hoc test revealed that 

the detritus in Run 3 was modeled to have a lower Cpw value on average (8.6 mg L-1) than the 

detritus in Run 1 (14.5 mg L-1) (p < 0.01) (Figure 2.8). The mean Cpw value for Run 2 (11.4 mg 

L-1) was not significantly different from the mean in Run 1 or Run 3. These results indicated that 

there was a difference in the potential maximum NH4-N concentrations between Run 1 and Run 

3.  
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Table 2.5: One-way ANOVA results. Experimental runs 1 - 3 were evaluated for their effect on the 

calibrated Cpw values.  

 df Sum Sq Mean Sq F-value P-value 

Run 2 136.3 68.1 23.5 0.012 

Residuals 18 52.1 2.9   

 

 

Figure 2.8: Calibrated Cpw values (in, mg-N L-1) for each experimental run (n = 23). Solid dots represent 

the mean for each run and error bars represent the standard error. Each run was compared using post-hoc 

Tukey’s HSD. ns indicated no significant difference. ** indicated a p-value < 0.01. 

 

3.3.2 Rate constant (ku) 

A statistically significant difference was found in the calibrated ku values between 

experimental runs (F-value = 3.97, p < 0.035) (Table 2.6).  A Tukey post-hoc test revealed that 

the detritus in Run 3 resulted in a greater ku value on average (0.051 m d-1) than the detritus in 

Run 1 (0.018 m d-1) (p < 0.05) (Figure 2.9). The mean ku value for Run 2 (0.031 m d-1) was not 

significantly different than the mean in Run 1 or Run 3. These results indicated that there was a 

slight, but statistically significant, difference in the rate of NH4-N release, with Run 3 having the 

greatest release rate constant. 
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Table 2.6: One-way ANOVA results. Experimental runs (Run) were evaluated for their effect on the 

calibrated ku values. 

 df Sum Sq Mean Sq F-value P-value 

Run 2 0.0044 0.0022 3.97 0.035 

Residuals 18 0.0111 0.0005   

 

 

 

Figure 2.9: Calibrated ku values (in, m d-1) for each remaining experimental run (n=23). Solid dots 

represent the mean value for each run and error bars represent the standard error. Each run was compared 

using post-hoc Tukey’s HSD. ns indicated no significant difference. * indicated a p-value < 0.05.  

One potential cause for the differences in parameter values was the greater detritus 

nitrogen content in Run 1 (3.6 g-N, or 7270 mg kg-1-DW) relative to Run 3 (1.9 g-N, or 3824 mg 

kg-1-DW), which indicated that there were differences in detritus composition. These differences 

likely reflected the heterogeneity of the detritus within the wetland, regardless of the sampling 

date. In terms of the model, this greater detritus nitrogen content corresponded with greater Cpw 

values in Run 1 relative to Run 3. The link between greater nitrogen content and greater Cpw 

supported the hypothesis that the difference in effective Cpw between Run 1 and Run 3 might 

have a physical meaning.  

 

Nitrogen release also depends on the effective diffusivity of the substrate, which is linked 

to the tortuosity of the sediment and its porosity (Ullman and Aller, 1982). Overall, our 

hypothesis is that nitrogen release rates depend on the concentration gradient (hence, on Cpw) and 

on the upward diffusion velocity constant (ku), which quantifies the effective diffusivity of the 
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substrate. If the different parameter values were indicative of physical differences in the detritus, 

then the lower vs. higher effective ku for Run 1 vs. 3 would also suggest that detritus from Run 1 

was less prone to release ammonium upward compared to that of Run 3 (i.e., the Run 1 detritus 

may have been more compacted with lower porosity, potentially due to an older age). This could 

explain why NH4-N would tend to accumulate in the detritus and why the N composition and 

Cpw were higher for detritus in Run 1. However, the parameter values changed in opposite 

directions (Cpw increased, when ku decreased and vice versa) between runs, which could have 

been a product of the calibration process and not indicative of a physical difference.  

 

3.4 Modeled internal nitrogen release at the Walnut Cove WWTP 

Influent NH4-N concentrations measured at the Walnut Cove WWTP ranged from 0.9 to 

12.8 mg L-1, approximately equal to the 1 to 10 mg-N L-1 range of NH4-N concentrations in the 

effluent of WWTPs described in an conventional activated sludge process (Carey & Migliaccio, 

2009). Here, all calibrated models (n =23) were used to calculate a range of upward fluxes 

expected at the Walnut Cove WWTP (Influent NH4-N concentrations (CA) of 2, 4, 6, 8, and 10 

mg-N L-1) (Table 2.7). 

 

Each of the calculated JUF values were plotted based on water column NH4-N 

concentration (CA) and run (Figure 2.10). Within Figure 2.10, together with Table 2.7, the JUF 

values were similar for each run despite the different detritus. Although the parameter values 

were significantly different between Run 1 and Run 3, the expected internal NH4-N release was 

relatively constant for each sample of detritus. This finding supported the use of this model to 

represent NH4-N release across the entirety of the wetland cell.   

 

Table 2.7: Upward flux (JUF , g-N m-2 d-1 ) ranges expected in the Walnut Cove wetland cells based on  

modeling results from the microcosm experiments.  

Experimental 

Run 

Statistical 

parameter 

Expected water column NH4-N concentration (CA) 

2 mg L-1 4 mg L-1 6 mg L-1 8 mg L-1 10 mg L-1 

Run1 
Mean 0.22 0.18 0.14 0.11 0.07 

Min, Max 0.14, 0.27 0.12, 0.23 0.09, 0.20 0.06, 0.16 0.01, 0.13 

Run2 
Mean 0.24 0.18 0.12 0.05 0.00 

Min, Max 0.10, 0.51 0.09, 0.39 0.05, 0.27 -0.02, 0.15 -0.09, 0.06 

Run3 
Mean 0.35 0.24 0.15 0.04 -0.06 

Min, Max 0.09, 0.76 0.02, 0.49 -0.04, 0.35 -0.11, 0.23 -0.31, 0.11 

Overall Mean 0.28 0.21 0.14 0.06 0.00 
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Figure 2.10: Calculated upward flux (JUF) values for each run (1, 2, and 3) and each water column NH4-N 

concentration (2, 4, 6, 8, and 10 mg L-1) (n = 23). The black dot represented the mean JUF value, and the 

error bars represented the standard error. 

In terms of magnitude, this study showed that when influent NH4-N concentrations are 

between 2 and 10 mg-N L-1, this aged detritus substrate will likely release between 0.28 and 0.00 

g-N m-2 d-1 (100 and 0 g-N m-2 yr-1), respectively (Table 2.7). To put these values in the 

perspective of the study site, which has a 7200 m2 wetland cell surface area and an average inlet 

NH4 concentration between 4 and 6 mg L-1, the internal NH4-N load for each wetland cell would 

likely range from 370 to 550 kg yr-1. This internal NH4-N load would be between 30% and 45% 

of the ~1200 kg-N yr-1 influent nitrogen load to each wetland cell at the study site. 

 

3.5 The potential for an accumulated detritus substrate to be an internal nitrogen 

source in constructed wetlands 

Both influent nitrogen loading and influent NH4-N concentrations are likely to influence 

the impact that an aged detritus substrate will have on FWS CW treatment performance. 

Treatment wetlands built to remove nitrogen can be classified as lightly (< 120 g-N m-2 yr-1 ) or 

heavily (> 120 g-N m-2 yr-1 ) loaded systems using the influent TKN loading rate (Kadlec & 

Wallace, 2009). If the aged detritus substrate at this site is a reasonable representation of the 

detritus substrate at other sites, then lightly loaded systems will be the ones most heavily 

impacted by the NH4 release from an aged detritus substrate. Results of this study (JUF ranging 

from 0 to 100 g-N m-2 yr-1) suggested that the nitrogen removal ability of lightly loaded FWS 

CWs will markedly decrease over time as an aged detritus substrate builds and begins to release 

ammonium into the overlying water.  
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It should be noted that as the detritus begins to fill the basin, the effective surface area of 

the FWS CW will decrease due to preferential flow paths. With this decrease in the effective 

surface area, JUF will act over a smaller area. So, while JUF will likely increase over time (as the 

detritus substrate builds), the lower effective surface area may mitigate a portion of its impact. 

For example, the Walnut Cove wetland cells were designed to have a surface area of 7200 m2. 

This resulted in an estimated internal NH4-N load of 370 to 550 kg yr-1 or 30 to 45% of the 

influent nitrogen load. However, the effective surface area of the cell was estimated to be only 

3800 m2. At this effective area, the internal NH4-N load for CA values of 4 and 6 mg-N L-1 would 

be a smaller 190 to 290 kg yr-1, respectively, or 16 to 24% of the influent nitrogen load. While 

still a large percentage of the influent nitrogen load, the lower effective surface area may 

markedly reduce the internal NH4-N load. 

 

For heavily loaded FWS CWs, the influence of internal NH4 release from an aged detritus 

substrate will likely have a lesser effect on treatment performance. In these systems, the internal 

NH4 release will either be limited by high NH4 concentrations (> 10 mg-N L-1), which will slow 

diffusion, or in the case of low NH4 concentrations at high hydraulic loading rates, even a 

relatively high internal NH4 release (i.e., 50 g-N m-2 yr-1) could be overshadowed by the high 

influent nitrogen load (>> 120 g-N m-2 yr-1). Instead, in these heavily loaded FWS CWs, the 

hydraulic inefficiencies, such as preferential flow paths, produced by the accumulated detritus 

substrate perhaps will be a greater negative influence on wetland treatment performance by 

reducing residence time within the wetland cells (Martinez & Wise, 2003; Wang et al., 2006). 

 

3.6 Potential application of results 

This study was intended to help fill the constructed wetland nitrogen return rate 

knowledge gap expressed by Kadlec and Wallace (2009). The current method for representing 

sequential nitrogen dynamics in a treatment wetland are sequential first-order areal conversions 

(Gerke et al., 2001; Kadlec, 2008; Kadlec & Wallace, 2009). In these conversions, NH4-N 

production within the wetland is limited to ammonification of organic nitrogen in the water 

column (represented using a first-order reaction rate for organic nitrogen removal). This method 

assumes that the amount of NH4-N added to the overlying water column is equal to the ON 

removed from the water column and does not consider NH4-N diffusion from the porewater of 

the aged detritus substrate into the overlying water column. Disregarding this internal NH4-N 

release produces the potential for suboptimal treatment performance predictions (relative to the 

initial expected performance) as the system ages. The first-order kinetic model and estimated 

parameters presented in this study provide an initial estimate of NH4-N release from an aged 

detritus substrate. This first-order rate can be implemented into the sequential first-order areal 

conversion model to improve the ability of that model to represent wetland treatment, especially 

in wetlands that are over 10 years old.  
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However, at this point, care should be taken in completely extrapolating this result to 

other sites. While the goodness of fit is high for the first order model, the results shown here 

indicated that there is likely variability in the calibrated parameter values. As a result, the 

calibrated parameter values have the potential to be site specific. Therefore, gathering detritus 

from only one FWS CW likely limited the applicability of the calibrated parameter values 

presented herein to an initial estimate for NH4-N release in other FWS CWs. Nevertheless, it 

demonstrated the NH4-N release to the water column that is often ignored in developing models 

to describe treatment expectations. 

 

To develop parameter estimates representative of NH4-N release from an aged detritus 

substrate for the design of a general treatment wetland, data from other sites and from different 

times of the year is needed. Therefore, to further our efforts to fill this knowledge gap, the next 

step would be to gather aged detritus from several different FWS CWs (of various ages, 

accumulated detritus depths, dominant plant types, etc.) to evaluate if differences in detritus 

composition influences the ammonium release rates. To further validate the release rates 

observed in the laboratory, this study could be scaled up to evaluate ammonium release from 

detritus filled wetland mesocosms placed outdoors.  

 

While a larger sample size is needed before the results presented herein can be endorsed 

for widespread use, these results indicated that the model well represents the mechanics of this 

release and suggested that it has the potential to effectively predict this release. Overall, this 

study provided a positive first attempt at modeling this release, an estimate of NH4-N release 

from the accumulated detritus substrate at the site, and a foundation to build upon through the 

future analysis of various detritus substrates at different locations derived from different 

dominant vegetation types. 

 

4. CONCLUSION 

Overall, the results showed that diffusion, while not the only mechanism for transfer, can 

release a substantial amount of NH4-N from accumulated detritus porewater to the overlying 

water column in an aged FWS CW. Additionally, this study proposed a simple kinetic model to 

better represent return rates in treatment wetlands, which adequately represented the mechanics 

of upward NH4-N release from accumulated detritus substrate to the overlying water column. 

Parameter values were calibrated for 23 of the 27 wetland microcosms (mean R2 = 0.85). Values 

ranged from 4.7 to 21.5 mg-N L-1 for the porewater NH4-N concentration (Cpw) and 0.004 to 0.13 

m d-1 (1.5 to 47.4 m yr-1) for the rate constant (ku). Despite this range of values, the range of 

upward flux (JUF) values was relatively constant for each overlying water column concentration. 

At the Walnut Cove wetlands, the potential areal ammonium release rates (JUF) from the detritus 

substrate at an overlying water column concentrations of 4 to 6 mg L-1 would be 0.21 and 0.14 g-

N m-2 d-1 (70 and 50 g-N m-2 yr-1), respectively. If the accumulated detritus used in this study 

was representative of the aged detritus substrate in other FWS CWs, then the NH4-N release 
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from an aged detritus substrate will be detrimental to the nitrogen removal performance of lightly 

loaded systems (TKN load < 120 g-N m-2 yr-1). The nitrogen release from an aged, accumulated 

detritus substrate demonstrated by this study provides a starting point from which future research 

can fully quantify the influence of this internal nitrogen source on treatment efficiency and 

methods to control or prevent it. 
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Chapter 3: In-situ nitrate dosing to evaluate the influence of 

pretreatment and age on nitrogen removal in treatment wetlands 

1. INTRODUCTION 

Several site-specific factors can influence actual nitrogen removal within free water 

surface (FWS) constructed wetlands (CWs). One factor is NO3-N availability. NO3-N 

availability is important for FWS CWs receiving non-nitrified wastewater (such as, lagoon 

effluent), where available NO3-N is restricted to the amount of internal NO3-N produced via 

nitrification; a process that is often limited by the lack of dissolved oxygen (DO) in the anaerobic 

FWS CW environment. Without either influent NO3-N availability or internal NO3-N 

production, denitrification which results in complete nitrogen removal are also restricted. 

Improved pretreatment (i.e., increased upstream nitrification) has been identified as a potential 

method to increase NO3-N availability in these systems and thereby improve nitrogen removal 

and reduce the amount of nitrogen released to downstream waterbodies. For example, a 

modeling study by Gerke et al. (2001) predicted that improved pretreatment would increase TN 

removal efficiencies in a FWS CW receiving non-nitrified lagoon effluent by 44% in the winter 

and 22% in the summer.  

 

Another potential, but not well studied, factor that can affect nitrogen treatment is 

wetland age, and more specifically the accumulated detritus that builds as wetland age increases 

(Kadlec & Wallace, 2009; Wang et al., 2006). Previous monitoring studies within this research 

project indicated that nitrogen removal in two aging FWS CWs was poor due in part to a 

substantial accumulated detritus substrate that had formed over time and that physically 

removing the detritus increased both NH4-N and TN removal (Kamrath, 2021). However, these 

studies only provided insights into the influence of age on NH4-N removal, not NO3-N removal, 

because the two wetland cells received non-nitrified influent (i.e., influent NO3-N concentrations 

were below 0.5 mg L-1) during both study periods.  

 

In the limited available literature, the influence of age on NO3-N removal is not well 

developed and occasionally contradictory. Results from macrocosm study of NO3-N removal in a 

FWS CWs in California suggested that young FWS CWs will have improved NO3-N removal 

rates as they age (Bachand, 1996). As the young wetland ages, the accumulation of biomass will 

increase organic carbon supply within the basin, and this additional fuel for denitrification will 

increase denitrification rates. However, this potential for improved performance over time is at 

odds with other studies, which have suggested that nutrient removal efficiency has the potential 

to decline as operational age increases (Kadlec et al., 2010; Kadlec & Wallace, 2009; Wang et 

al., 2006). As with the Bachand (1996) study, these studies also link performance changes to the 

accumulation of detritus. However, these studies focused on older FWS CWs (> 10 years old), 

where the accumulation of detritus has resulted in a thick substrate that creates preferential flow 

paths and dead zones, and negatively influences wetland hydraulics (Martinez & Wise, 2003). 
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While this process was identified as a main contributor to the decline of total phosphorus 

removal in the Orlando Easterly Wetland (Martinez & Wise, 2003; Wang et al., 2006; White et 

al., 2008), studies have not been conducted to see how the long-term accumulation of detritus 

(i.e., operational age) influences nitrogen removal. Due to the limited studies on the subject and 

the potential for contradictory influences, the actual influence of age on nitrogen removal, 

especially NO3-N removal, has not been adequately evaluated. As the hundreds of FWS CWs 

built to improve water quality through nitrogen removal continue to age, understanding the 

influence of age will become increasing critical. 

 

To investigate both the influence of pretreatment and age on nitrogen removal, a nitrate 

dosing study was initiated at the Walnut Cove WWTP in NC. The nitrate dosing was conducted 

to simulate the effect of improved pretreatment (i.e., increased lagoon aeration). Because one 

wetland cell had been previously rejuvenated through detritus removal while the other remained 

unimproved, the nitrate dosing provided an opportunity to not only assess the influence of 

improved pretreatment on nitrogen removal, but it also allowed for an assessment of the 

influence of an accumulated detritus substrate on NO3-N removal. Because the accumulation of 

detritus is the physical embodiment of increasing age in FWS CWs, the influence of the 

accumulated detritus substrate was inferred in this study to represent the main influence of 

operational age.  

 

The study objectives were to: (1) quantify the nitrogen removal performance of both 

wetland cells when they receive substantial loads of NO3-N using removal efficiencies and areal 

mass removal rates; (2) demonstrate and evaluate the influence of pretreatment that would 

convert more NH4-N to NO3-N before it enters the wetland cells, through a comparison to 

previously quantified nitrogen removal at the site; (3) evaluate the influence of age specifically 

on NO3-N  removal through comparisons between the two wetland cells; and (4) estimate a 

general NO3-N removal rate constant for future use in wetland design.  

 

2. MATERIALS AND METHODS 

2.1 Site monitoring 

A full description of the Walnut Cove WWTP and the two FWS CWs, with details about 

site instrumentation, analytical methodologies, and the detritus removal, can be found in Chapter 

1 of this report, but pertinent details for this chapter have been included. The two FWS CWs 

were designed to each have a surface area of 7200 m2, treatment volume of 2130 m3, aspect ratio 

of 17:1, and a pool depth of 0.3 m. Sampling stations were located at the inlet splitter box and 

both wetland outlets (Figure 3.1). Because the inlet weirs were positioned at equal heights, the 

flow and quality of the wetland influent was assumed to be the same for both cells.  
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Figure 3.1: Aerial photograph of the two wetland cells (Image modified from Google Maps). The arrows 

indicate flow direction. Sampling stations are shown with red circles and the weather station is shown 

with a blue star. 

2.2 Nitrate Dosing 

Prior to the dosing study, the wetland cells received non-nitrified wastewater at an 

average inlet NO3-N concentration of 0.3 mg-N L-1 (Kamrath, 2021). To increase influent NO3-N 

concentrations, the wetland influent was dosed with calcium nitrate (Ca(NO3)2). Nitrate dosing 

was conducted in two stages. The first phase consisted of short week-long pilot tests using pulsed 

Ca(NO3)2 additions to evaluate the feasibility of the study, while the second phase built on the 

lessons learned from the pilot tests and consisted of a 31-day period of continuous Ca(NO3)2 

loading.  

 

In the first stage, two pilot tests were conducted using discrete daily Ca(NO3)2 additions 

over 5-day periods in the fall 2020 (9/21/2020 - 9/25/2020 and 10/26/2020 – 10/30/2020). A full 

description of the pilot test methods and analysis can be found in Kamrath (2021), but in brief, a 

30 minute pulse of Ca(NO3)2 was added to the influent wastewater each day by dissolving solid 

pellets of Ca(NO3)2 fertilizer. During the first pilot test, influent NO3-N concentrations were 

raised to an average of 2.9 mg-N L-1 (median of 0.3 mg-N L-1) and the NO3-N removal 

efficiencies were 87 and 75% in cells 1 and 2, respectively. For the second pilot test, influent 

NO3 concentrations were raised to an average of 2.0 mg-N L-1 (median of 1.6 mg-N L-1) and the 

NO3-N removal efficiencies were 85 and 61% in cells 1 and 2, respectively. Based on these 

results, it was clear that Ca(NO3)2 dosing could be used to increase influent NO3-N loads at the 

site. However, it was also clear that discrete additions produced high temporal variability in 
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influent NO3-N concentrations and loads and ultimately relatively low mean and median influent 

NO3-N concentrations.  

 

The second NO3-N dosing experiment used an improved methodology that resulted in a 

more continuous stream of NO3-N, more representative of what would enter the wetland cells if 

upstream pretreatment were improved. While the data obtained from the initial dosing 

experiment was important to evaluate the feasibility of this experiment and refine dosing 

methodology, data from this second continuous NO3-N dosing was used for analysis to achieve 

project objectives. Continuous nitrate dosing was conducted for 31 consecutive days (~1 month) 

in the spring 2021 (March 21, 2021, to April 20, 2021). Continuous dosing was facilitated using 

three 1100-L tanks connected in series. The three tanks were connected using a 1” PVC pipe and 

vertically positioned to ensure gravity would drain the two higher tanks to the lower tank (Figure 

3.2). Using this setup, the three tanks acted as a single 3300-L (900-gal) storage tank. The tanks 

were filled by adding water to tank 3 (see Figure 3.2), which was then gravity fed to the other 

two tanks. While water was being added, Ca(NO3)2 fertilizer was added to tank 3, where it was 

then mixed until all visible pellets were dissolved. Nitrate-enriched water was pumped out of 

tank 1 and up to a 19-L (5-gal) distribution container using a Rio® Plus 180 Aqua Pump with a 

170 L hr-1 (45 gal hr-1) flow rate (Figures 3.2 & 3.3). The water then discharged from the bottom 

of the distribution container to the duckweed collector effluent/wetland influent pipe through a 

0.25” PEX pipe. Meanwhile, the 1” PVC pipe acted as an overflow pipe returning excess water 

back to tank 1, which provided a constant pressure head of approximately 12 cm within the 

distribution container for flow through the PEX pipe. This constant pressure head allowed a 

constant flow rate to be established by adjusting a ball valve placed at the end of the PEX pipe. 

During the study, the ball valve was adjusted to release 0.5 - 0.7 L min-1 (190 - 270 gal day-1) of 

nitrate-enriched water into the wastewater just upstream of the influent splitter box. 

 

 

Figure 3.2: A schematic of the continuous dosing setup. Arrows represent the flow direction. 
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Figure 3.3: Top Left: Filling tank #3 with Ca(NO3)2 fertilizer and source water being added. Top Right: 

All three tanks connected and tarped with the distribution container visible in the foreground. Bottom 

Left: The dosing setup with the 0.25” PEX pipe running from the container to wetland influent pipe. 

Bottom Right: The 0.25” PEX pipe and ball valve used to release the NO3-N enriched water into the 

wetland influent. 

 

Continuous nitrate dosing was completed using 22.7 kg (50 lb) bags of YaraLiva 

CALCINIT Greenhouse/Solution Grade 15.5-0-0 dry quick-release Ca(NO3)2 fertilizer (Oslo, 

Norway). The pelletized fertilizer was added to upper two storage tanks, which were then filled 

with water from an on-site well and mixed until all visible fertilizer pellets were dissolved. After 

the fertilizer was added, the tanks were covered by a tarp to minimize the influence of biological 

growth, evaporation, and precipitation. At the target flow rate, the connected tanks were refilled 

and were loaded with additional Ca(NO3)2 fertilizer every three days. Over the 31 day 

monitoring period, 38 bags of Ca(NO3)2 fertilizer were added for a total of 121 kg-N into the 

entire wetland system ( or 60.5 kg-N into each wetland cell). 
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2.3 Data Collection 

Water quality samples were collected at each sampling location (inlet, outlet 1, and outlet 

2) using uniform time-based sampling. Daily composite samples were composed of two 

subsamples collected at 12-h intervals. Sample bottles were pre-acidified using 25% sulfuric acid 

to preserve the sample at pH < 2 (Burke et al., 2002). All water quality samples were transported 

to NC State University and filtered using 0.45 µm filters. Samples were submitted to the North 

Carolina State University Biological and Agricultural Engineering Environmental Analysis 

Laboratory (BAE EAL) in Raleigh, NC and analyzed for nitrite-N + nitrate-N (NO3-N), Total 

Kjeldahl Nitrogen (TKN), and ammonium-N (NH4-N). Dissolved organic nitrogen (DON) 

concentrations were calculated by subtracting NH4-N concentrations from TKN concentrations. 

Total dissolved nitrogen (TDN) concentrations were calculated by adding the NO3-N 

concentrations to the TKN concentrations. 

 

2.4 Nitrogen removal performance 

Flow weighted average concentrations were calculated for DON, NH4-N, NO3-N, and 

TDN at the inlet and outlet of both cells. Percent concentration changes were calculated for each 

nitrogen species and each cell. A positive value indicated a concentration reduction through the 

cell, while a negative value indicated a concentration increase. 

 

The daily influent and effluent loads were estimated for DON, NH4-N, NO3-N, and TDN 

by multiplying average daily flow rate by the daily pollutant concentration. The cumulative 

influent and effluent loads during the dosing period were then calculated by summing the daily 

loads. As an additional check on monitoring accuracy, the cumulative influent nitrate load was 

compared to the known amount of nitrate added during the dosing process. 

 

Treatment efficiency was evaluated using load reduction, removal efficiency, and areal 

mass removal rates (or areal mass removal rate) for each nitrogen species in each wetland cell. 

Load reductions were calculated by subtracting the cumulative outlet loads from cumulative inlet 

loads. Wetland removal efficiency was calculated by dividing the cumulative load reduction by 

the cumulative inlet load. Daily load reductions (kg-N d-1) were estimated and converted to areal 

mass removal rate estimates (g-N m−2 day−1) by dividing by the area of each cell. All load 

analyses were conducted using R software (R Core Team, 2017). 

 

NO3-N removal in CWs were represented by combining first order removal kinetics and a 

tanks-in-series (TIS) representation of wetland hydraulics (Equation 3.1) (Kadlec & Wallace, 

2009).  

𝐶𝑜𝑢𝑡

𝐶𝑖𝑛
= (1 +

𝑘𝐴

𝑁𝑄𝑖𝑛
)

−𝑁

 

         (Eq 3.1) 
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where A is the wetland surface area (m2), Qin is the average influent flow rate (m3 d-1), Cin and 

Cout are the average inlet and outlet pollutant concentration (g-N m3), and N is the number of 

tanks in series to represent the internal hydraulics. To better represent the actual internal 

hydraulics of a wetland, the effective wetland area (Ae) can be used (Equation 3.2).  

𝐶𝑜𝑢𝑡

𝐶𝑖𝑛
= (1 +

𝑘′𝐴𝑒

𝑁𝑄𝑖𝑛
)

−𝑁

 

         (Eq 3.2) 

To account for the temperature effects, a modified Arrhenius equation was used to adjust 

rate constants (Equation 3.3). 

𝑘 = 𝑘20
(𝑇−20)

 

         (Eq 3.3) 

where k20 is the removal rate coefficient at 20◦C, θ is a temperature coefficient, and T is the 

average water temperature in each wetland cell, calculated by averaging the inlet and outlet 

temperature measurements. Theta (θ) was assumed to be 1.106, the mean value derived from 

data on 43 FWS CWs by Kadlec (2012).  

 

3. RESULTS 

3.1 Hydrology and Hydraulics 

The mean daily inflow to each cell was 411 m3 d-1 (0.11 MGD). The cumulative inflow 

volume to each cell was 13,168 m3. The mean daily outflows were 417 and 441 m3 d-1 for outlets 

1 and 2, respectively. Cumulative precipitation was 66 mm, with a cumulative volume of 647 m3 

per cell. Cumulative ET was 190 mm, with a cumulative volume of 1368 m3 per cell. The much 

greater influent volume relative to P and ET highlighted the fact that both cells were surface flow 

driven. Water balance calculations during the period resulted in residuals of -7% and -12% of the 

influent flow in wetland cell 1 and cell 2, respectively. The negative residuals indicated that there 

was an overestimation of water outputs, an underestimation of water inputs, or both. There were 

several potential values that could have produced this slight water balance error, including the 

flow estimates, the estimated runoff area used to calculate P volumes, the ET estimates, or all 

three. Overall, the estimation errors were slight, but suggested that load removals calculated with 

these flows may be conservative. 

 

During the paired tracer test, conducted when the average inflow was 330 m3 d-1, the 

mean residence times (τ) in cells 1 and 2 were 2.8 and 1.1 d, respectively (Table 3.1). Based on τ, 

the e values were 0.37 and 0.17 in cells 1 and 2, respectively. Based on these results, at the 411 

m3 d-1 mean daily inflow, the mean residence times over the study period were estimated to be 

1.9 and 0.9 d, in cells 1 and 2, respectively. Based on these e values and the estimated mean 

water depths, the effective surface areas were 4380 m2 and 3020 m2 in cells 1 and 2, respectively. 

These effective areas were 61% and 42% of the nominal wetland area (7200 m2). The number of 

tanks (N) representing wetland cells 1 and 2 were 8.1 and 2.2, respectively.  
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Table 3.1: Hydraulic conditions within the two FWS CW cells at the Walnut Cove WWTP during the 

nitrate dosing period. The number of tanks (N) and the volumetric efficiency (e) were used as part of 

equations 5.5 and 5.6 to estimate a nitrate removal rate constant for each wetland cell. 

Dosing Run Wetland 

Water 

column 

depth, h 

(m) 

Number 

of 

tanks,  

N 

Volumetric 

efficiency, 

e 

Effective 

surface 

area, Ae 

(m2) 

Mean 

residence 

time, τ 

(d) 

3/21/21 to 

4/20/21 

Cell 1 0.18 8.1 0.37 4380 1.9 

Cell 2 0.12 2.2 0.17 3020 0.9 

 

Overall, cell 1 was expected to have better internal hydraulics because of the detritus 

removal in 2019. This expected performance difference was confirmed by the tracer test data 

which showed that the hydraulic conditions were consistently better in cell 1. The number of  

tanks (N), the volumetric efficiency (e), the mean residence times (τ) were all greater in cell 1. 

When compared to the median N value of 4.4 for FWS CWs reported in a meta-analysis 

conducted by Kadlec (2012), the N value in cell 1 was above average and the N value in cell 2 

was below average. 

Notably, the e value for cell 1, while greater than cell 2, was still only 0.37, well below 

the expected 0.70 for a FWS CW treating nitrate reported in Kadlec (2012). While that 0.7 value 

was likely inflated by the relatively young wetlands reported in the study, the e value of 0.37 was 

suboptimal and indicated that slightly over one third of cell 1’s nominal wetland volume was 

used for treatment (Persson et al., 1999). The lower than optimal e value was likely the result of 

the decision to leave both a thin layer of detritus as a carbon source and to replant mounds of 

Typha spp. during the cleanout of wetland cell 1. Because of this decision, cell 1 was not reset to 

its initial design volume, but likely represented a wetland with an operational age between 5 and 

10 years. 

 

3.2 Nitrogen removal performance 

3.2.1 Concentration changes 

Water quality samples were collected for all 31 days at the inlet, outlet 1, and outlet 2 

sampling stations. Mean inlet NO3-N were increased from less than 0.5 mg-N L-1 to 4.4 mg L-1 

during continuous dosing of Ca(NO3)2 (Table 3.2). At the start of April, more Ca(NO3)2 fertilizer 

was added during the refilling process to increase inlet NO3-N concentrations (Figure). Along 

with the greater Ca(NO3)2 additions, inflows declined in April which also contributed to an 

increase in NO3-N concentrations. Mean outlet NO3-N concentrations were 0.8 and 0.9 mg L-1 at 

outlet 1 and outlet 2, respectively. NO3-N was reduced by 3.6 and 3.4 mg L-1 (82 and 77%) on 

average in cells 1 and 2, respectively (Table 3.3). When viewed collectively, mean TDN 

concentrations were 15.8, 9.4, and 12.0 mg L-1 at the inlet, outlet 1, and outlet 2, respectively.  
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Table 3.2: Flow-weighted average concentrations of nitrogen species at each sampling location during 

the period from 3/21/2021 to 4/21/2021. The inlet sampling station represents influent to both cells. 

Sampling 

Station 

Average concentrations (mg-N L-1) 

NO3-N NH4-N DON TDN 

Inlet 4.4 7.4 4.0 15.8 

Outlet 1 0.8 6.3 2.3 9.4 

Outlet 2 0.9 8.2 2.8 12.0 

 

Table 3.3: Concentration change through the wetland based on flow weighted mean concentrations 

during the study period. A positive change indicated a decrease through the wetland and a negative 

change indicated an increase through the wetland. 

Wetland 
Concentration changes through cell, in mg-N L-1 (%) 

NO3-N NH4-N DON TN 

Cell 1 3.7 (83%) 1.1 (15%) 1.6 (41%) 6.4 (40%) 

Cell 2 3.5 (79%) -0.9 (-12%) 1.2 (30%) 3.8 (24%) 

  

 

Figure 3.4: NO3-N concentrations for each daily sample during the monitoring period. Sampling stations 

are labelled as IN (inlet), OUT1 (outlet 1), and OUT2 (outlet 2). 
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Both cells had a TDN concentration reduction, with the cell 1 TDN reduction (6.4 mg L-1, 40%) 

nearly double the reduction in cell 2 (3.8 mg L-1, 24%). The difference in TDN concentration 

reductions between the two cells was the result of slightly greater DON and NO3-N reductions in 

cell 1 paired with NH4-N concentration increases through cell 2. 

 

3.2.2 Mass dynamics 

The sampling scheme adequately captured the added NO3-N load, with the observed 

cumulative inlet NO3-N load (58 kg each or 116 kg in total) accounting for over 95% of the 

known added NO3-N load (60.5 kg each or 121 kg total) (Figure 3.5 & Table 3.4). Of the 58 kg 

of NO3-N added to each cell, 10 and 13 kg of NO3-N were released from cells 1 and 2, 

respectively. NO3-N removal efficiency was 82% and 77% in cells 1 and 2, respectively.  The 

TDN removal efficiencies followed the same trends observed in the concentration analysis but 

were slightly lower due to the greater outflows relative to inflows during the study period. 

 

 

 

 

Figure 3.5: Cumulative daily NO3-N loads (in, kg) during the monitoring period. Sampling stations are 

labelled as IN (inlet), OUT1 (outlet 1), and OUT2 (outlet 2). 
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Table 3.4: Influent and effluent loads for each nitrogen species during the dosing run 3/21/2021 to 

4/21/2021 (n = 31 days). Loads were presented in kg, with kg d-1 reported in parentheses. The load 

reduction and removal efficiency are shown in bold. 

Wetland 
Sampling 

Station 

Load, in kg (kg d-1, or % for removal efficiency) 

NO3-N NH4-N DON TDN 

Cell 1 

Inlet 58 (1.9) 97 (3.1) 52 (1.7) 207 (6.7) 

Outlet 10 (0.3) 84 (2.7) 31 (1.0) 125 (4.0) 

Removal 48 (82%) 13 (14%) 21 (40%) 82 (40%) 

Cell 2 

Inlet 58 (1.9) 97 (3.1) 52 (1.7) 207 (6.7) 

Outlet 13 (0.4) 116 (3.7) 39 (1.4) 169 (5.4) 

Removal 45 (77%) -19 (-20%) 13 (25%) 38 (19%) 

  

The nominal areal removal rates for NO3-N (Jnom, NO3) were 0.22 and 0.20 g m-2 d-1 in 

cells 1 and 2, respectively (Table 3.5). The effective areal removal rates (Jeff, NO3) for NO3-N 

were greater than Jnom values at 0.35 and 0.48 g m-2 d-1 in cells 1 and 2, respectively. Notably, 

when considered on an effective area basis, cell 2 provided more NO3-N removal per m2 than 

cell 1. When all nitrogen species were considered, the same trends from the concentration and 

load analysis were observed. These trends produced Jnom, TDN rates of 0.37 and 0.17 g m-2 d-1 in 

cells 1 and 2, respectively, and Jeff, TDN rates of 0.60 and 0.41 g m-2 d-1 in cells 1 and 2, 

respectively. 

 

Table 3.5: Areal mass removal rates of nitrogen species within each wetland during the period from 

3/21/2021 to 4/21/2021 (n = 31 days). A positive removal rate indicated a retention, and a negative 

removal rate indicated an internal release. Jnom was the nominal areal mass removal rates and Jeff was the 

effective areal mass removal rate. 

Wetland 

Surface 

Area 

(m2) 

 
Pollutant areal removal rate (g-N m-2 d-1) 

NO3-N NH4-N DON TDN 

Cell 1 
7200 Jnom 0.22 0.06 0.09 0.37 

4380 Jeff 0.35 0.10 0.15 0.60 

Cell 2 
7200 Jnom 0.20 -0.09 0.06 0.17 

3020 Jeff 0.48 -0.20 0.14 0.41 
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3.3 TIS model parameter values for NO3-N removal 

The k and k’ values were calculated using the mean NO3-N concentrations from Table 

3.2, Qin of 411 m3 d-1, the N and e values from Table 3.1, and the temperature values from Table 

3.1. The k20 values were 60 and 48 m yr-1 for cells 1 and 2, respectively. k20’ values, which used 

Ae along with N values, were 99 and 115 m yr-1 for cells 1 and 2, respectively. Like the areal 

NO3-N removal rates, when the nominal area was used cell 1 had a greater removal rate constant 

(k20), but when the effective area was considered, then cell 2 had a greater removal rate constant 

(k20’). 

 

4. DISCUSSION 

4.1 Improved pretreatment to improve nitrogen removal 

During the one-month study, TDN removal efficiencies were 40% and 19% in cells 1 and 

2, respectively. Data collected earlier from November 2019 through March 2019 showed TN 

removal efficiencies were 11% and 8% in cells 1 and 2, respectively (TN and not TDN was used 

for this period because TKN samples were not filtered prior to analysis). In the post wetland cell 

1 rejuvenation period, which spanned from June 2019 through May 2021, TDN removal 

efficiencies were 12% and 2% in cells 1 and 2, respectively. Relative to either previous period, 

both cells had increased nitrogen removal efficiencies during the dosing experiment, which 

suggested that increasing the ratio of NO3-N to NH4-N in the influent will improve nitrogen 

removal in FWS CWs.  These results indicated that improved pretreatment will almost certainly 

improve the nitrogen removal performance in FWS CWs receiving non-nitrified wastewater.  

 

To quantify the potential increase in nitrogen removal provided by improved 

pretreatment at the Walnut Cove WWTP, three scenarios of variable influent nitrogen speciation 

were evaluated. The scenarios were conducted using data and parameters from cell 1 (i.e., best 

case scenario). Potential NO3-N removal was predicted using the TIS model with an N value of 

8.1 (Table 3.1), a Qin of 411 m3 d-1, a k20 value of 60 m d-1, and a water temperature of 20˚C. 

based on previous observations at this site, potential NH4-N removal was predicted by assuming 

a 10% removal efficiency (Table 3.4), while potential ON removal was predicted by assuming a 

30% removal efficiency (Table 3.4).  

 

The three scenarios represented the influent nitrogen speciation if (1) no improvement in 

pretreatment occurred; (2) improved pretreatment converted 25% of the influent NH4-N to NO3-

N; (3) improved pretreatment converted 75% of the influent NH4-N to NO3-N (Table 3.6). The 

predictions indicated that a no change scenario would result in an 18% nitrogen removal 

efficiency, which was approximately equal to the previously observed TN removal in the 

improved cell 1. However, if pretreatment could convert 25% of the influent NH4-N to NO3-N 

before entering the wetlands, then the TN removal efficiency increases to 30%. If that 

pretreatment could be enhanced to the extent that 75% of the influent NH4-N was converted to  
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Table 3.6: Three scenarios to examine effect of improved pretreatment on nitrogen removal in the Walnut 

Cove wetlands. The influent nitrogen speciation was based on the general values observed in this chapter, 

along with chapters 2 and 4. The no change scenario included no improvement in upstream pretreatment. 

Scenarios 2 & 3 included improved upstream pretreatment, at 25% or 75% of the influent NH4-N was 

nitrified before entering the two wetland cells.   

Nitrogen 

Species 
Influent (mg L-1) 

Effluent (mg L-1) 

Scenario 1: 

No change 

Scenario 2: 

25% influent 

NH4-N converted 

Scenario 3: 

75% influent 

NH4-N converted 

NO3-N 0.1 0.01 0.2 0.4 

NH4-N 6.0 5.4 4.0 1.3 

ON 3.9 2.7 2.7 2.7 

TN 10.0 8.1 (18%) 7.0 (30%) 4.4 (55%) 

 

NO3-N, then the TN removal efficiency increases to an even greater 55%. These scenarios 

suggested that nitrogen removal could be substantially increased through improved pretreatment 

in a cleaned-out wetland cell within the Walnut Cove WWTP, which would greatly reduce the 

amount of nitrogen entering Town Fork Creek. 

 

4.2 Operational age as an influence on NO3-N removal  

Although differences in accumulated detritus and internal hydraulics were large, NO3-N 

removal was similar between the two cells. NO3-N removal efficiencies were 82% and 77% in 

cells 1 and 2, respectively. Similarly, nominal areal mass removal rates (Jnom) were 0.22 and 0.20 

g-N m-2 d-1, respectively, and removal rate constants (k20) of 60 and 48 m yr-1, respectively. For 

context, the areal mass removal rates and rate constants were compared to other studies. The 0.2 

g m-2 d-1 removal rates in this study were within the 0.003 to 1.02 g-N m-2 d-1 range of 

denitrification rates in FWS CWs reported in Vymazal (2007). When compared to removal rates 

in another study conducted in North Carolina, the rates were on the upper end of the 0.1 to 0.2 g-

N m-2 d-1 range of NO3-N removal rates observed in FWS CW mesocosms prepared with an 

organic substrate and an overlying NO3-N concentration of 4 mg-N L-1 (Messer et al., 2017). 

When compared to other field scale studies, the rates were within the 0.04 to 0.48 g-N m-2 d-1 

range of NO3-N areal mass removal rates observed in six studies of FWS CWs receiving NO3-N 

enriched wastewater (Crumpton et al., 2006; Drake et al., 2018; García-Lledó et al., 2011; Hunt 

et al., 1999; Kovacic et al., 2000; Mitsch et al., 2014). Furthermore, the removal rate constants 

(k20) of 60 and 48 m yr-1 were greater than the median k20 of 25 m yr-1 for FWS CWs observed in 

Kadlec (2012). Taken together, the fact that both the rejuvenated and unimproved wetland cells 

provided adequate NO3-N removal, coupled with the similarity in performance between the two 

cells, indicated that age may only be a minor influence on NO3-N removal in FWS CWs.  
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However, this conclusion was complicated by the NO3-N removal observed when using 

the effective cell surface areas. When evaluated on an effective surface area basis, cell 2 actually 

provided more NO3-N removal, since when calculated for a smaller effective wetland area both 

areal mass removal rates (Jeff) and removal rate constants (k20’) were greater in cell 2 than cell 1. 

This indicated that more NO3-N was removed per m2 in the cell 2 and suggested that the aged, 

detritus-filled environment in cell 2 was more conducive to denitrification. The finding that the 

“older” wetland (cell 2) provided greater NO3-N removal per m2 supported the hypothesis by 

some that increasing wetland age (especially for relatively young wetlands) will increase 

denitrification rates presumably due to increased organic carbon to fuel denitrification (Bachand, 

1996). Denitrification rates may also be increased by improved transfer to the wetland substrate 

as water depth decreases due to the accumulation of detritus. 

 

These findings imply that the influence of age on NO3-N removal may not have been 

minor, but only appeared minor because it is the net product of these two contradictory 

processes. As a wetland ages, the accumulation of detritus will gradually reduce wetland 

hydraulic function resulting in a decline in the effective cell surface area and removal efficiency. 

However, as the wetland ages, that accumulated detritus can also increase the areal 

denitrification (i.e., NO3-N removal) rate. Of these two contradictory processes, the one with the 

greater influence on NO3-N removal will likely depend on several site factors (including influent 

NO3-N loading rate, cell bathymetry, influent nitrogen speciation, vegetation coverage, 

vegetation species, etc.); thus, the influence of age on NO3-N removal will also likely be site 

specific. The influence of age may also vary temporally. For example, NO3-N removal efficiency 

may increase during the first 10 years of operation as increasing denitrification rates outweigh 

losses in effective surface area, then decrease through the next 10 as substantial declines in 

effective surface area outweigh increased denitrification rates. Further studies are needed to 

evaluate which site-specific factors are more important for each process and evaluate the 

temporal variability of the two influences. 

 

4.3 The influence of age on total nitrogen removal 

While age appeared to have only a minor influence on NO3-N removal, there was a clear 

difference in TDN removal efficiencies between the two cells (40% and 19% in cells 1 and 2, 

respectively), which indicated that overall nitrogen removal was influenced by age. This 

disparity was driven by the differences in NH4-N removal efficiencies (14% and -20% in cells 1 

and 2, respectively). The difference in NH4-N removal and similarity in NO3-N removal between 

the two cells suggested that the influence of age or more specifically, the poor internal hydraulics 

associated with age, on nitrogen removal in FWS CWs will likely be a function of inlet nitrogen 

speciation.  

 

For FWS CWS receiving NO3-N dominated influent, such as agricultural drainage 

(Crumpton et al., 2006; Ikenberry et al., 2014) or package plant effluent (US EPA, 2000), the 
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results indicated that increasing operational age may not substantially reduce nitrogen removal 

performance. This does not mean that maintenance can be neglected in these systems, but it does 

suggest that FWS CWs receiving NO3-N dominated influent may be operated with longer 

intervals between detritus removals. Additionally, these detritus removals should not remove all 

the detritus from the basin; instead, some detritus should be left in the cell to sustain higher 

denitrification rates during the post-rejuvenation start-up period.  

 

Alternatively, for FWS CWs receiving NH4-N dominated influent, the results from this 

experiment reinforced the conclusion that increasing operational age has the potential to severely 

restrict nitrogen removal. Decreasing surface areas can limit re-aeration and subsequently lower 

DO concentrations within the water column. These lower DO concentrations can then limit the 

aerobic process of nitrification. Additionally, the reduced residence time, associated with 

declining volumetric efficiency over time, can reduce the time available for the paired 

nitrification/denitrification process. Finally, the preferential flow paths created by the 

accumulated detritus have the potential to limit contact with nitrification hotspots (i.e., 

submerged stems and litter), which can lower the nitrification rate and subsequently the 

denitrification rate. In these systems, maintenance should be undertaken frequently to maintain 

design residence times and design surface areas. Furthermore, because of this potential for age to 

negatively influence NH4-N removal, increased pretreatment (i.e., upstream nitrification) can be 

a practical method to increase the longevity of the system. 

 

5. CONCLUSION 

Based on results from the 31-day dosing period, age of the wetland cell (defined in this 

study as correlated to the amount of accumulated detritus) did not have a substantial impact on 

NO3-N removal. Both the rejuvenated and revegetated FWS CW cell (cell 1) and an 

unmaintained, detritus-filled FWS CW cell (cell 2) had similar NO3-N removal efficiencies with 

removal rates that fell within the upper portion of the 0.05 and 0.48 g-N m-2 d-1 range of NO3-N 

removal observed in other FWS CWs studies. Interestingly, when evaluated using effective cell 

surface areas (the area that tracer studies indicated were actually treating inflow), cell 2 removed 

more NO3-N than cell 1 on a per m2 basis, which suggested that the shallow, detritus-filled 

environment of cell 2 may have been more conducive to NO3-N removal (i.e., denitrification). 

However, the fact that cell 1 removed more NO3-N mass indicated that more removal was 

restricted in cell 2 by the poor internal hydraulics. Overall, by artificially adding NO3-N, we 

were able to demonstrate that improved upstream nitrification can improve nitrogen removal in 

FWS CWs receiving NH4-N dominated influent. These findings, along with others described in 

this project, indicated that the processes of aging had a variable influence on the removal of 

different nitrogen species. This suggested that the inlet nitrogen speciation may be a key factor in 

predicting the influence of age on nitrogen removal in FWS CWs. 
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Chapter 4: Assessment of nitrogen release from a minor WWTP 

and potential for FWS CW implementation to improve nitrate 

removal 

1. INTRODUCTION 

Excess nutrient loading to downstream water bodies results in accelerated eutrophication 

(Anderson et al., 2002; Howarth et al., 2011; Smith et al., 1999). One known nutrient source is 

the discharge from municipal or domestic wastewater treatment plants (WWTPs) (Carey & 

Migliaccio, 2009). As a point source, effluent concentrations discharged from WWTPs must be 

below limits set in each WWTP’s individual national pollutant discharge elimination system 

(NPDES) permit. This permit also sets the water quality monitoring requirements (e.g., locations, 

frequency, and water quality parameters). These NPDES permits are critical to protect 

downstream water quality and provide some information on the magnitude of pollutants that are 

discharged into watersheds. 

 

In North Carolina (NC), regulations for nitrogen release from minor WWTPs focus on 

the ammonium form of nitrogen (NH4-N). Here, minor WWTPs are defined as publicly owned 

treatment works (POTWs), private sewerage systems (SIC code: 4952), elementary and 

secondary schools (SIC Code: 8211), correctional institutions (SIC Code: 9223), and operators of 

residential mobile home sites (SIC Code: 6515) with permitted flows below 1 MGD and an 

active individual NPDES in 2019. The governmental enforcement and compliance history online 

(ECHO) database showed that 267 of the 394 minor WWTPs within NC had discharge limits for 

effluent NH4-N concentrations, and all of the 394 minor WWTPs were required to at least 

monitor effluent NH4-N concentrations (US EPA, 2020). These regulations focus on NH4-N 

because elevated NH4-N concentrations are acutely toxic to aquatic life and have the potential to 

cause a depletion of dissolved oxygen levels within the receiving water (NC DEQ, 2021; US 

EPA, 1999). Because nitrate (NO3-N) and total nitrogen (TN) concentrations have not been 

found to be acutely toxic, a similar focus has not been placed on these nitrogen species in many 

locations. The ECHO database indicated that 79 of the 394 minor WWTP outfalls were 

monitored for TN concentrations and only 2 of those 79 had discharge limits. For NO3-N 

concentrations, only 58 had monitoring requirements and no minor WWTP had discharge limits. 

Within the ECHO database, NO3-N is monitored and reported under the umbrella term 

“inorganic nitrogen” (US EPA, 2020). 

 

To reduce NH4-N concentrations, minor WWTPs use aerated systems (e.g., activated 

sludge, extended aeration) to facilitate the aerobic nitrification process and reduce NH4-N 

concentrations to low levels (Carey & Migliaccio, 2009). This focus on nitrification was noted 

by the US EPA in their fact sheet on package plants – a common type of pre-fabricated modular 

minor WWTP that uses activated sludge with or without with extended aeration (USEPA, 2000). 

Nitrification-only treatment results in the transformation of influent NH4-N to effluent NO3-N, 
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which does not remove nitrogen from the wastewater. Based on values from Tchobanoglous et 

al. (2003) and reported in Carey & Migliaccio (2009), this process can be expected to release 

effluent with NO3-N concentrations between 10 and 30 mg L-1. At effluent flow rates ranging 

from 38 and 3800 m3 d-1 (0.01 and 1 MGD) and NO3-N concentrations ranging from 10 to 30 mg 

L-1, the unaccounted discharge of NO3-N from each minor WWTPs to streams and rivers could 

range from 138 at the lowest flow and NO3-N concentration to 41,450 kg yr-1 at the highest flow 

and NO3-N concentration. However, without monitoring or reporting requirements, the NO3-N 

concentrations in the effluent of minor WWTPs in NC is typically unknown. 

 

This potential for substantial and unaccounted for NO3-N in minor WWTP effluent, 

paired with the widespread distribution of minor WWTPs within NC, suggests that improved 

nitrogen removal at these facilities could help reduce nitrogen loads to surface waters across NC. 

One potential treatment system that could be paired with these systems is free water surface 

(FWS) constructed wetlands (CW), which has been proven to be particularly efficient at NO3-N 

removal through denitrification (Bachand & Horne, 1999; Crumpton et al., 2020; Drake et al., 

2018; Ingersoll & Baker, 1998; Kadlec, 2012; Messer et al., 2017). The strategic implementation 

of constructed wetlands to capture and treat the effluent from package plants could be a simple, 

low-cost approach to further reduce N loads to surface waters.  

 

As an initial step to evaluate the expansion of FWS CWs for improved nitrogen removal 

in NC, the effluent from a minor WWTP in NC without NO3-N monitoring requirements was 

sampled during 2019. Using this minor WWTP as a case study, the study objectives were to: (1) 

quantify the effluent loads for all nitrogen species; (2) estimate the FWS CW area needed to 

provide varying NO3-N removal efficiencies at the site; and (3) provide an initial estimate of the 

nitrogen removed, land required, and capital cost for widespread implementation. 

 

2. METHODS AND MATERIALS 

2.1 Site Description 

The Danbury WWTP (NPDES ID: NC0082384) is a minor WWTP located in Stokes 

County, NC. The WWTP is a package plant that receives and treats the municipal wastewater for 

the 250 persons using both primary and secondary treatment (Figure 4.1). In the Danbury 

WWTP, influent wastewater first passes through a bar screen and into an equalization chamber. 

Then, the wastewater is then split into two parallel aeration basins, each with three 15 HP 

blowers, where it is treated using activated sludge. Finally, this mixed liquor moves into a 

clarifier before it passes through a UV disinfection unit and is discharged from the system. 

Treated wastewater is discharged into the Dan River, which is part of the Roanoke River Basin 

(Reach Code: 03010103000496).  
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Figure 4.1: A photograph of the Danbury WWTP. The flow direction is away from the photographer. 

The maximum effluent flow from the Danbury WWTP was set at 0.1 MGD in the site’s 

NPDES permit. In 2019, the average monthly effluent flow was 160 m3 d-1 (0.04 MGD) with a 

range from 110 m3 d-1 (0.03 MGD) in March to 240 m3 d-1 (0.06 MGD) in September. When 

compared to median flow rate of 0.01 MGD for all 394 minor WWTPs in NC, the Danbury 

WWTP was slightly larger than the typical plant (US EPA, 2020). However, of the 394 minor 

WWTPs, the 195 WWTPs with an average flow greater than 0.01 MGD accounted for 27.6 

MGD of the cumulative 28.2 MGD of effluent released in 2019. Within these 195 WWTPs, the 

median effluent flow rate was 0.08 MGD and a mean effluent flow rate of 0.14 MGD in 2019. 

Within this population, the Danbury WWTP was slightly smaller than most.  

 

The plant’s NPDES permit set discharge limits for BOD5, fecal coliforms, pH, and TSS. 

For BOD5 and TSS, the average monthly concentrations were required to be at or below 30 mg 

L-1. For pH, the monthly minimum value was 6 and the monthly maximum value was 9. For 

fecal coliforms, the average monthly value had to be below 200 counts per 100 mL. No 

discharge limits were required for any nitrogen species. The NPDES permit required NH4-N 

concentrations to be monitored, but only the maximum monthly NH4-N concentration had to be 

reported. 

 

2.2 Data Collection 

Water quality samples were collected approximately twice a month in 2019 (n = 23). 

Samples were collected by submerging a 500mL HDPE container to the middle of the effluent 

water column at a location immediately following the UV disinfection unit. All samples were 
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transported back to the NCSU BAE Ecological Restoration Laboratory immediately after 

collection. Samples were acidified using sufficient 25% sulfuric acid to preserve the sample at 

pH less than 2 and stored at or below 4˚C prior to analysis. Samples were filtered through a 

0.45µm membrane filter. The samples were analyzed by the NCSU BAE Environmental 

Analysis Laboratory (EAL). The EAL analyzed all samples for total Kjeldahl nitrogen (TKN), 

NH4-N, and NO3-N using standard EPA protocols. Total dissolved nitrogen (TDN) 

concentrations were estimated by adding TKN and NO3-N concentrations. 

 

In accordance with the site’s NPDES permit, effluent flow rates and water temperature 

were continuously monitored by the Town. The site operator collected weekly water quality 

samples. Average monthly flows, average monthly water temperature, and maximum monthly 

NH4-N concentrations were reported and can be found in the ECHO database (US EPA, 2020). 

Data from 2016 through 2020 reported by the Town were collected from this database and used 

in this study.  

 

2.3 Data Analysis 

2.3.1 Effluent nitrogen loading 

Both NPDES and grab sample datasets for 2019 are shown in the Appendix E. Using the 

NPDES dataset, the 2019 NH4-N load was calculated and reported in the discharge monitoring 

report (DMR). For the DMR Pollutant Loading report, the annual mass discharged was 

calculated using the maximum NH4-N concentration for each month, since this was the only 

NPDES data available. While not ideal, the use of monthly maximum NH4-N concentrations 

provided a worst-case scenario of annual NH4-N effluent load. Using the NCSU bi-monthly grab 

sampling data, mean monthly NH4-N, NO3-N, and TDN concentrations were calculated. Mean 

monthly concentrations were used to estimate the annual NH4-N, NO3-N, and TDN loads in 2019 

(Equation 4.1). 

𝑀 =
∑ 𝑄𝑖𝑛𝑖𝐶𝑖

12
1

103
 

         (Eq 4.1) 

 

where, M was the annual mass released (kg), Qi was the site’s reported mean flow for each 

month (m3 d-1), ni is the number of days in the month, and Ci is the effluent constituent 

concentration (g m-3).  

 

2.3.2 Constructed wetland design 

FWS CWs intended to reduce nitrogen loads from minor WWTP will be designed to 

focus on NO3-N removal, due to the elevated NO3-N concentrations expected in the minor 

WWTP effluent, especially those like package plants with aerated basins for conventional 

activated sludge treatment (US EPA, 2000). For this study, constructed wetland NO3-N removal 
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was represented by combining first order removal kinetics and a tanks-in-series (TIS) 

representation of wetland hydraulics (Equation 4.2) (Kadlec & Wallace, 2009).  

 

𝐶𝑜𝑢𝑡

𝐶𝑖𝑛
= (1 +

𝑘𝐴

𝑁𝑄𝑖𝑛
)

−𝑁

 

         (Eq 4.2) 

 

where k is the removal rate constant (m d-1), A is the wetland surface area (m2), Qin is the average 

influent flow rate (m3 d-1), Cin and Cout are the average inlet and outlet pollutant concentration (g 

m3), and N is the number of tanks-in-series (TIS) used to represent the internal hydraulics. To 

account for the temperature effects, a modified Arrhenius equation was used to adjust the rate 

constant (k20) across the year (Equation 4.3) 

 

𝑘 = 𝑘20
(𝑇−20)

 

         (Eq 4.3) 

 

where k20 is the removal rate coefficient at 20◦C, θ is a temperature coefficient, and T is the 

average water temperature in each wetland cell, calculated by averaging the inlet and outlet 

temperature measurements. Theta (θ) was assumed to be 1.106, the mean value derived from 

data on 43 FWS CWs by Kadlec (2012).  

 

A typical constraint on CW implementation is the area required to build them (Jasper et 

al., 2014; Kadlec, 2009). Therefore, the wetland area required for a certain level of treatment can 

be used as a metric of feasibility. In this study and for these sized WWTPs, adequate treatment 

was defined as a 50% NO3-N removal and excellent treatment was defined as a 90% NO3-N 

removal. The required wetland area per MGD of flow was predicted for both adequate (A50
1) and 

excellent treatment (A90
1) options using the methodology presented in Jasper et al. (2014).  

 

A Monte Carlo simulation was then used to capture the influence of N, k, and water 

temperature on the required area. For the A50
1 analysis, Cout/Cin was set to 0.5 (i.e., 50% removal 

efficiency assuming the influent flow is equivalent to the effluent flow). For the A90
1 analysis, 

Cout/Cin was set to 0.1 (i.e., 90% removal efficiency assuming the influent flow is equivalent to 

the effluent flow).  The rate constant (k20) was estimated to range uniformly from 0.068 m d-1 (25 

m yr-1) to 0.16 m d-1 (60 m yr-1). This range was selected because it spanned from the median 

annual average k20 value of 0.068 m d-1 reported in Kadlec (2012) to the regional k20 value of 

0.16 m d-1 observed in cell 1 during the spring 2021 nitrate dosing study (Chapter 3). Because 

these values are greater than the median k20 value reported in Kadlec (2012), this distribution 

assumes above average NO3-N removal. The N value was estimated to range uniformly from 1 to 

10 in accordance with values reported in Kadlec (2012) and results from the tracer tests 

conducted at the Walnut Cove WWTP (Kamrath, 2021). These N and k values should be 
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representative of a FWS CW in NC receiving NO3-N enriched effluent with an operational age 

ranging from 0 to 25 years. To solve equation 4.3 in each iteration, water temperature was 

randomly selected from a uniform distribution of temperatures ranging from 0 to 30˚C. For either 

A50
1 or A90

1 (ha MGD-1), equation 4.2 was rearranged to equation 4.4 or 4.5, respectively, and 

solved. 

𝐴50
1 =  0.3785 (0.5−

1
𝑁 − 1) 𝑁

𝑘⁄  

         (Eq 4.4) 

𝐴90
1 =  0.3785 (0.1−

1
𝑁 − 1) 𝑁

𝑘⁄  

         (Eq 4.5) 

 

Simple linear regressions were used to develop a relationship between ln(A50
1) and water 

temperature (˚C) as well as ln(A90
1) and water temperature (˚C). Using these relationships, the 

A50
1 or A90

1 was predicted for each month using monthly effluent water temperatures from the 

Danbury WWTP over the period from 2016 to 2020. Water temperature at the Danbury WWTP 

was likely to be representative monthly water temperatures of other minor WWTPs in NC 

(especially in the piedmont region). Therefore, the monthly A50
1 and A90

1 values can be used to 

approximate the required wetland areas at other minor WWTPs in the state. These results were 

plotted on an annual time scale and a trend line was fitted through the data using local 

polynomial regression fitting (LOESS). To estimate the necessary wetland area needed for 50 or 

90% NO3-N removal (A50 or A90, in ha) at the Danbury WWTP specifically, the monthly A50
1 or 

A90
1 values were multiplied by corresponding monthly average effluent flow (MGD) from the 

Danbury WWTP. All analyses were conducted using R software (R Core Team, 2017). 

 

3. RESULTS 

3.1 Danbury WWTP Effluent 

3.1.1 NDPES sampling 

In 2019, monthly maximum NH4-N effluent concentrations reported by the Town ranged 

from 0.33 mg L-1 to 14.4 mg L-1 (Figure 4.2). The mean monthly maximum NH4-N 

concentration was 3.50 mg L-1, and the median value was 1.35 mg L-1. Notably, the maximum 

NH4-N concentration was observed in March, when the plant aerators malfunctioned for several 

days (personal communication with site operator). The annual NH4-N load released from the 

Danbury WWTP, according to this dataset, was 157 kg (347 lbs.). The magnitude of this NH4-N 

load discharged fell in the range of reported NH4-N loads discharged in the previous three years 

(2016, 2017, and 2018), which suggested that this was a typical year for nitrogen treatment in the 

Danbury WWTP (Table 4.1). 
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Figure 4.2: Monthly maximum NH4-N concentrations in Danbury WWTP effluent in 2019 based on 

reported NPDES data obtained from the ECHO database. 

 

 

Figure 4.3: Cumulative NH4-N effluent load from Danbury WWTP in 2019 based on reported NPDES 

data obtained from the ECHO database. 
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Table 4.1: Annual effluent NH4-N loads (in kg and lbs.) from the Danbury WWTP for 2016-2019 as 

reported in the ECHO database. 

Year 2016 2017 2018 2019 

NH4-N load 163 kg (360 lbs.) 93 kg (205 lbs.) 200 kg (442 lbs.) 157 kg (347 lbs.) 

 

3.1.2 NCSU Sampling 

The monthly NH4-N concentrations in samples collected and analyzed in our study 

ranged from 0.1 to 8.4 mg L-1, with an average of 2.1 mg L-1 (Figure 4.4 & Table 4.2). The 

monthly mean NH4-N concentrations followed a similar pattern to the NPDES data (Figure 4.5). 

This similarity was evident in the March and April data, when mean NH4-N concentrations 

increased due to aerator malfunction. In addition to the similar pattern, the similar values in the 

second half of 2019 showed that effluent NH4-N concentrations varied only slightly during this 

period, and differences in concentrations observed were likely simply a function of sample 

timing between our team and the site operators. Monthly NO3-N ranged from 6.0 to 19.8 mg L-1, 

with an average of 13.5 mg L-1. Monthly TDN concentrations ranged from 10.5 to 20.7 mg L-1, 

with an average of 16.0 mg L-1. Annual effluent loads for NH4-N, NO3-N, and TN were 

estimated to be 95 kg (209 lbs.), 797 kg (1758 lbs.), and 913 kg (2012 lbs.), respectively (Figure 

4.6). The NH4-N load calculated when using the monthly mean NH4-N concentrations was 62 kg 

less than the load calculated using the NPDES data. The lower NH4-N load value was expected 

because the NPDES data used only monthly maximum NH4-N concentrations. Overall, when 

samples were analyzed for all nitrogen species, it was found that an additional 755 kg of 

unaccounted-for nitrogen were released by the site, mostly in the form of NO3-N. 

 

Table 4.2: Statistical summary of monthly effluent nitrogen data from NCSU grab samples in 2019 (n = 

12). Concentrations are shown in units of mg L-1. 

Nitrogen 

Species 
NH4-N NO3-N TKN TDN 

Mean 2.1 13.5 2.4 16.0 

Median 0.6 12.7 1.1 16.0 

Min 0.1 6.0 0.1 10.5 

Max 8.4 19.8 10.1 20.7 
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Figure 4.4: Mean monthly NH4-N, NO3-N, and TN concentrations in 2019 for the NCSU grab sampling 

data. Note the increase in NH4-N in the 3rd and 4th months (March and April), which shows when the 

aerators malfunctioned and how long it took the system to begin working properly again. 

 

Figure 4.5: Comparison of monthly mean NH4-N concentrations estimated from NCSU grab sampling 

program with monthly maximum NH4-N concentrations estimated from samples collected by site 

operator.  
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Figure 4.6: Cumulative loads for NH4-N based on monthly maximum concentrations in the ECHO 

database (NPDES NH4-N) and NH4-N, NO3-N, and TN based on the NCSU grab sampling program. 

 

3.2 Wetland Design 

3.2.1 Monte Carlo Uncertainty Analysis 

Five thousand iterations of the Monte Carlo uncertainty analysis were run to determine 

the wetland area required to treat the NO3-N from this package plant. For the A50
1 analysis (area 

for 50% NO3-N reduction per MGD), the linear regression of ln(A50
1) vs temperature had an R2 

= 0.92. The linear relationship was ln(A50
1) = -0.10*temperature + 3.0 (Figure 4.7). For the A90

1 

analysis (area for 90% NO3-N reduction per MGD), the simple linear regression of ln(A90
1) vs 

temperature had an R2 = 0.86. The linear relationship was ln(A90
1) = -0.10*temperature + 4.4 

(Figure 4.8). For both analyses, temperature values in the uncertainty analysis spanned from 2.8 

to 29.9˚C; therefore, the relationship was assumed to hold between these values.  
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Figure 4.7: Relationship between ln(A50
1) and temperature (in ˚C) for the 5000 iterations of the Monte 

Carlo uncertainty analysis. The regression was represented using the blue line. This relationship was used 

to predict monthly A50
1 values at the Danbury WWTP. 

 

 

Figure 4.8: Relationship between ln(A90
1) and temperature (in ˚C) for the 5000 iterations of the Monte 

Carlo uncertainty analysis. The regression was represented using the blue line. This relationship was used 

to predict monthly A90
1 values at the Danbury WWTP. 
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Predicted A50
1 values for FWS CWs receiving minor WWTP effluent in NC ranged from 

1 to 8 ha MGD-1, with a mean of 3 ha MGD-1 (n = 52) (Figure 4.9). Predicted A90
1 values were 

greater than A50
1 values with a range from 6 to 34 ha MGD-1 and mean of 14 ha MGD-1 (n = 52). 

Using average monthly effluent flows from 2016 through 2020, the wetland area needed for both 

50% and 90% NO3-N removal from the Danbury WWTP effluent were predicted for each month 

(Figure 4.10). Figure 4.10 shows that a wetland area of 0.2 ha (0.5 acres) could provide 50% 

NO3-N removal for every month, while a 0.6 ha (1.5 acre) wetland could provide 90% NO3-N 

removal for every month but December and January. Notably, a wetland area of 0.4 ha (1 acre) 

could provide at least 50% NO3-N removal in all months and 90% NO3-N during the growing 

season (April – October).  

 

 

Figure 4.9: Initial estimate of the required wetland area (in ha MGD-1) necessary for 50% and 90% NO3-

N removal from minor WWTPs in NC. The solid blue line represents a LOESS regression through area 

required for 90% NO3-N removal (A90
1). The dashed black line represents a LOESS regression through 

area required for 50% NO3-N removal (A90
1). For both regressions, the shaded area represents the 95% 

standard error. 
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Figure 4.10: Required wetland area (in ha) necessary for 50% and 90% NO3-N removal from the 

Danbury WWTP effluent based on monthly data from 2016-2020 (n = 52). The solid blue line represents 

a LOESS regression through area required for 90% NO3-N removal (A90). The dashed black line 

represents a LOESS regression through area required for 50% NO3-N removal (A90). For both 

regressions, the shaded area represents the 95% standard error. 

 

4. DISCUSSION 

4.1 Unaccounted-for nitrogen load from a minor WWTP 

The results confirmed that minor WWTPs with secondary treatment (typically activated 

sludge) release a NO3-N enriched effluent. The average effluent NO3-N concentration of 13.3 mg 

L-1 at this site was within the 10 to 30 mg L-1 range provided by Tchobanoglous et al. (2003), 

and likely would have been slightly higher if not for the aerator failure in March. When this 

NO3-N is accounted for, the actual total amount of nitrogen discharged to surface waters is much 

higher. In the case of the Danbury WWTP, an additional 755 kg nitrogen (1664 lbs.) were 

discharged from this minor WWTP into the Dan River in 2019 (Figure 4.6). This amount of 

nitrogen was 5.8 times greater than the effluent loads calculated and reported using only NPDES 

data. When compared to agricultural runoff, this minor WWTP, with an average flow rate of 

0.04 MGD, exported approximately 1000 kg of TN in 2019, mostly in the form of NO3-N; which 

equates to the nitrogen export expected from 25 ha (62-acres) of tile-drained cropland in the 

Midwest USA - based on an estimated nitrogen export of 40 kg ha-1 yr-1 from Ikenberry et al. 

(2014).  
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Overall, the comprehensive nitrogen data collected at the Danbury WWTP adds 

quantitative evidence to support the hypothesis that minor WWTPs without nitrate monitoring or 

discharge limits release more nitrogen in the form of NO3-N than is accounted for under the 

current permitting system. While speculative, if each of the 195 largest minor WWTP in NC 

released an effluent with a similar NO3-N concentration (13 mg L-1), they would have 

cumulatively discharged approximately 496,000 kg yr-1 (1,094,000 lbs. yr-1) of unaccounted-for 

nitrogen in the form of NO3-N to NC surface waters. Discharge of this unaccounted-for NO3-N 

load will only continue to increase the risk of eutrophication in the water bodies of NC and 

should be mitigated. 

 

4.2 Potential Danbury WWTP wetland 

The results suggested that a 0.2 ha could be added to the treatment train of the Danbury 

WWTP to remove 50% of the currently exported NO3-N. If more removal is desired, then a 0.6 

ha (1.5 acre) wetland could be added to remove 90% of the currently exported NO3-N for most 

of the year. Using the flow and water quality in 2019, a 50% reduction effluent NO3-N would 

remove 400 kg yr-1, while a 90% reduction would remove 720 kg yr-1. For either wetland design, 

this annual removal is equivalent to a wetland areal removal rate between 0.3 and 0.5 g m-2 d-1 

(110 and 180 g m-2 yr-1).  

 

Urban stormwater wetlands are quite common across NC, are great measures to mitigate 

stormwater flow, and are lauded for nutrient removal ability.  However, they receive runoff only 

during rainfall events, and that runoff is typically low in nutrients, so nitrogen removal rates are 

limited.  For example, the total nitrogen removal rate in a CW receiving urban stormwater runoff 

in Florida was 0.03 g-N m-2 d-1 (12 g-N m-2 yr-1) (Griffiths & Mitsch, 2020). In a FWS CW 

system receiving urban and golf course runoff in Indiana, nitrogen removal was estimated to be 

0.04 g-N m-2 d-1 (15 g m-2 yr-1) during storm events and 0.003 g-N m-2 d-1 (1 g m-2 yr-1) during 

baseflow (Kohler et al., 2004). In North Carolina, two FWS CWs receiving urban stormwater 

runoff had removal rates near 0.001 g-N m-2 d-1 (0.5 g m-2 yr-1) (Mazer, 2018; Merriman & Hunt, 

2014). Instead, a FWS CW installed to receive the Danbury WWTP effluent would be closer to 

the 0.1 to 0.5 g-N m-2 d-1 (37 to 180 g m-2 yr-1) range of nitrogen removal observed in FWS CWs 

receiving NO3-N enriched agricultural runoff (Drake et al., 2018; Hunt et al., 1999; Kovacic et 

al., 2006). Since the potential NO3-N removal rate in constructed wetlands placed downstream of 

wastewater package plants would be well above those observed in urban stormwater wetlands, it 

makes sense that these systems should be at least equally considered and more widely accepted 

as BMPs to help protect watershed health. 

 

4.2.1 Estimated cost of implementation 

An initial estimate of capital costs for a FWS CW indicated that the 0.2 ha FWS CW 

option would cost between $40,000 and $86,000, while the 0.6 ha FWS CW option would cost  
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Table 4.3: Comparison of the nitrogen removal (in kg yr-1), capital costs, and potential nitrogen credits 

for both the 50% and the 90% removal options. 

 50% removal (0.2 ha design) 90% removal (0.6 ha design) 

NO3-N removal 400 kg yr-1 720 kg yr-1 

Estimated capital cost* $40,000 to $86,000 $120,000 to $180,000 

Nitrogen credit+ $8,700 to $21,800 yr-1 $15,600 to $39,300 yr-1 

* Lower value based on 200,000$ ha-1 average cost of six FWS CWs built in Iowa (Drake, 2018). The upper value was based on 

equation 23.1 in Kadlec and Wallace (2009). 
+ Values based on the Nutrient Offset Rates Per Credit reported on the NC DEQ website. The lower value was based on the 

9.83$ per lbs.-N in the Tar-Pamlico basin. The upper value was based on the 24.77$ per lbs.-N in the Neuse river basin outside 

of the Falls Lake Watershed. Note: most minor WWTPs are not located within basins with nutrient credits, but if the program 

was expanded, these are good estimates of the potential rates. 

 

 

between $120,000 and $180,000 in 2021 US dollars (Table 4.3). At these prices, 10 years of 

nitrogen removal (4,000 kg-N at 50% removal or 7,200 kg-N at 90% removal) from this minor 

WWTP would cost between $10 and $25 kg-1; well below the $3000 per kg of nitrogen removal 

provided by a gravel CW treating urban stormwater, as reported in Houle et al. (2013). This cost 

per kg-N was approximately equal to the value that the State of North Carolina has placed on 

nitrogen credits in nutrient sensitive waters within the state (NC DEQ, 2019). This equivalence 

suggested that the building of FWS CWs to remove nitrogen from minor WWTPs would be a 

cost appropriate solution to target nitrogen pollution and, for FWS CWs built in basins with 

NSW, the return on investment may be approximately 5 - 10 years. 

 

4.3 Widespread implementation of FWS CWs for tertiary treatment at minor WWTPs 

enhances NO3-N removal. 

Overall, if the goal of FWS CW implementation is to remove nitrogen, as is the case with 

the FWS CWs built to treat agricultural runoff, then the projected areal NO3-N removal rates for 

a FWS CW at the Danbury WWTP indicated that adding FWS CWs to minor WWTP will be a 

highly efficient method to achieve this goal. Additionally, the relatively low cost and small areas 

needed to build these systems increases the feasibility of widespread implementation. 

Furthermore,  when built to remove NO3-N and operated with regular maintenance, should 

provide 20 years or more of adequate NO3-N removal. In addition to nitrogen removal, a new 

unit-process focused FWS CW design may provide additional removal of an even wider range of 

emerging contaminants that have been documented in wastewater (Jasper et al., 2013).  

 

Based on the considerations described above, what would widespread implementation 

require in terms of overall nitrogen removal, capital cost, and area needed? Using the speculative 

NO3-N release estimate from a previous section, the annual NO3-N load discharged from minor 
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WWTPs in NC would be approximately 500,000 kg-N. FWS CWs built to remove 50% of this 

NO3-N load would provide an additional nitrogen removal of 250,000 kg-N yr-1. From figure 4.8, 

an A50
1 of approximately 5 ha MGD-1 would provide 50% or greater NO3-N removal over the 

entire year. At this value, 50% NO3-N removal would require the building a cumulative 140 ha 

(340 acres) of FWS CW at a total cost of $28,000,000 (based on the estimated $200,000 ha-1). 

When distributed over a 10-year period, this would cost approximately $11 per kg-N removed. 

 

4.4 Future Work 

 This study was conducted as a demonstration of the unaccounted-for nitrogen released 

by a minor WWTP in NC and an initial assessment of the wetland size needed to provide 

substantial NO3-N removal at these facilities. A more comprehensive estimate of unaccounted-

for nitrogen in the form of NO3-N released from minor WWTPs (i.e., sampling at more than one 

site) is needed to provide a better estimate of both the amount of total nitrogen released from 

these facilities and the amount of nitrogen that could be removed through the widespread 

implementation of FWS CWs. Additionally, this study did not provide a detailed economic 

analysis of the cost to build a FWS CW in NC. A regional cost estimate that includes potential 

operation and maintenance costs is needed to provide a better estimate of the total cost required 

for widespread implementation. With more detailed estimates of both cost and potential nitrogen 

removal, a cost-benefit analysis could be conducted to compare the effectiveness of this strategy 

relative to other potential methods currently supported to improve nitrogen removal in NC (e.g., 

precision agriculture, agricultural BMPs, improved livestock waste management, etc.).  

 

5. CONCLUSION 

Monitoring requirements and discharge limits for minor WWTPs in NC often focus 

solely on the NH4-N form of nitrogen and, as a result, these systems have the potential to release 

a substantial amount of unaccounted for nitrogen in the form of NO3-N. In the case study 

presented, the facility met the water quality limits of their permit and operated their facility 

within the designated guidelines. They also significantly reduced NH4-N concentrations even 

though it was not technically required in their permit and reported effluent concentrations and 

loads.  However, when all species of nitrogen were monitored, the results indicated that this 

minor WWTP released 755 kg more nitrogen, mostly in the form of NO3-N, than was reported in 

2019 as part of their NPDES permit.  Here we argue that targeted use of relatively small FWS 

CWs for tertiary treatment at these WWTPs could provide an opportunity for improved nitrogen 

removal in NC. For example, a small 0.2 ha (0.5 acre) FWS CW could remove 50% of the NO3-

N from the Danbury WWTP effluent (~400 kg yr-1), while a 0.6 ha (1.5 acre) FWS CW could 

remove 90% (~700 kg yr-1) of the effluent NO3-N load. On a larger scale, if FWS CWs could be 

implemented into the treatment train of the largest 200 minor WWTP in NC, they have the 

potential to removal an additional 250,000 kg-N per year. 
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Chapter 5: Summary and Conclusions  

1. SUMMARY 

The core of this study was focused on 35 months of field-scale monitoring at the two 20+ 

year-old parallel free water surface (FWS) constructed wetlands (CWs) within the Walnut Cove 

wastewater treatment plant (WWTP) (one of three WWTPs with currently operational treatment 

wetlands in North Carolina). This field data provided a rare look at the performance of a FWS 

CWs treating municipal wastewater in North Carolina (NC) and helped to address the knowledge 

gap in long-term or late-stage nitrogen removal performance in FWS CWs. Nitrogen removal 

within the FWS CWs was notably poor due to an accumulated detritus substrate and a lack of 

available nitrate (NO3-N). Along with poor internal hydraulics, a laboratory study showed that 

the aged detritus substrate within the FWS CWs released a considerable amount of ammonium 

(NH4-N), which indicated that the detritus substrate was an internal nitrogen source that further 

reduced treatment efficiency. To address the poor performance, detritus was removed from one 

of the cells and subsequent monitoring demonstrated that maintenance techniques can improve 

nitrogen removal in aging FWS CWs. Finally, to investigate the NO3-N removal performance in 

the wetland cells, an in-situ NO3-N dosing study was conducted, and the results indicated that 

both wetland cells were highly efficient at removing NO3-N. When the results of the dosing 

study were paired with a 12-month monitoring study focused on quantifying the effluent nitrogen 

load from the Danbury WWTP (a package plant), together they provided an estimate of both the 

unaccounted-for nitrogen release from minor WWTPs in NC and the potential NO3-N removal 

that could be attained by implementing FWS CWs at these facilities. This research demonstrated 

that widespread implementation of FWS CWs could be used to help meet water quality goals and 

reduce nitrogen loadings in NC. Outside of the direct objectives, this research should provide a 

resource for future WWTP operators seeking to improve nitrogen removal through a 

rejuvenation of their aged wetlands or the building of new wetlands.  

 

2. MAJOR CONCLUSIONS 

The eight major conclusions derived from this dissertation are summarized below: 

1. Expect a decline in nitrogen removal performance in FWS CW cells receiving NH4-N 

dominated lagoon effluent as operational age increases (i.e., as the amount of 

accumulated detritus increases). In the first six months of the study, TN removal 

efficiencies were 11% and 8%, in cells 1 and 2, respectively and the removal rate was 

0.1 g-N m-2 d-1 in each cell (based on nominal cell volumes), well below what has 

been observed at other FWS CWs treating nitrogen-enriched wastewater. In the next 

24 months, nitrogen removal was worse in the unimproved wetland cell 2, with a TN 

removal efficiency of -9%. 

 

2. The substantial accumulated detritus substrate was a primary cause for the lack of 

nitrogen removal in both 20+ year-old wetland cells. The accumulated detritus 
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substrate resulted in poor hydraulic efficiency and produced an internal nitrogen 

source. Because annual litterfall and the accumulation of detritus are part of the 

natural wetland aging, the negative influence of a detritus substrate will likely build 

as operational age increases. 

 

3. Accumulated detritus can transfer a substantial amount of NH4-N from porewater to 

the overlying water column in an aged FWS CW. This release was well represented 

using a simple first-order kinetics model. In a laboratory study, the potential areal 

ammonium release rates (JUF) from the detritus substrate at overlying water column 

concentrations of 4 and 6 mg L-1 were 0.21 and 0.14 g-N m-2 d-1 (70 and 50 g-N m-2 

yr-1), respectively. If this study was representative of the aged detritus substrate in 

other FWS CWs, then the NH4-N release will be detrimental to the nitrogen removal 

performance of lightly loaded systems (TKN load < 120 g-N m-2 yr-1). 

 

4. Detritus removal and revegetation can be used to improve nitrogen removal in FWS 

CWs that have been negatively influenced by years of accumulated detritus due to 

lack of maintenance. The rejuvenated wetland cell (cell 1) had substantially improved 

internal hydraulics and removed significantly more NH4-N, ON, and TN than the 

reference (cell 2) over the 24-month period that followed the detritus removal.  

 

5. Adequate upstream pretreatment is critical for optimizing nitrogen removal in FWS 

CWs treating WWTP effluent. NO3-N removal in these wetlands was about 80%, 

which significantly improved the overall total nitrogen removal efficiency measured 

in both wetland cells.  These nitrogen removal efficiencies were greater than those of 

either previous monitoring period and strongly suggested that increasing the ratio of 

NO3-N to NH4-N in the influent will likely improve nitrogen removal in FWS CWs. 

 

6. Influent nitrogen speciation will determine the influence of wetland age and lack of 

maintenance on nitrogen removal. During the in-situ dosing study, both the 

rejuvenated and non-rejuvenated wetland cells had NO3-N removal rates (0.2 – 0.5 g-

N m-2 d-1) in the upper portion of the range of expected NO3-N removal rates. 

However, greater TDN removal in the rejuvenated cell indicated that operational age 

still negatively influenced the removal of other nitrogen species (particularly, NH4-

N). 

 

7. Minor WWTPs in NC can release a substantial amount of unaccounted for nitrogen, 

especially in the form of NO3-N, to downstream water bodies. A relatively small 

minor WWTP with an average effluent flow of 180 m3 d-1 (0.04 MGD) was found to 

release approximately 800 kg-N of unaccounted-for NO3-N in 2019. In 2019, there 
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were approximately 200 such minor WWTPs across NC with effluent flow rates great 

enough to contribute greater than or equal to 800 kg-N of unaccounted for nitrogen.  

 

8. Widespread implementation of FWS CWs into the treatment train of minor WWTPs 

has the potential to substantially reduce nitrogen release to downstream water bodies 

in NC. Using the effluent NO3-N concentrations from the monitored WWTP and 

estimates of wetland removal rates available in literature, FWS CWs built to remove 

just 50% of this NO3-N load from minor WWTPs could reduce nitrogen loads by 

250,000 kg-N yr-1 in NC.  
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Appendix: Products developed from the project 
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Kamrath, B. (2021). Improving Performance and Examining Expansion of Constructed Wetlands 

for Tertiary Treatment of Nitrogen Removal from Domestic and Municipal Wastewater 

[Dissertation, North Carolina State University]. 

https://repository.lib.ncsu.edu/bitstream/handle/1840.20/39111/etd.pdf?sequence=1&isAll

owed=y 

Burchell, M.R. and W.F. Hunt.  2019.  Natural and constructed wetlands in North Carolina: 

An overview for citizens.  North Carolina Cooperative Extension Publication AG-856. 9 

pp. 

 

Presentations and Posters (12) 

Burchell, M.R. 2021.  The case (and challenges) for expanding the use of constructed wetlands 

to improve wastewater treatment in rural NC.  Presented to the NC DEQ Division of 

Water Resources. July 29, 2021. 

Burchell, M.R. and B. Kamrath, 2021. Set your wetland up for success! Demonstrating the 

importance of ammonium pre-treatment and proper retention time to maximize nitrogen 

removal.  American Ecological Engineering Society Annual Meeting (virtual). 

Columbus, Ohio. May 25. 

Burchell, M.R. and B. Kamrath, 2020. Extending the life of a wastewater treatment wetland in 

North Carolina.  American Water Resources Association (AWRA) Annual Conference 

(virtual). Orlando, FL. November 9-11. 

Burchell, M.R. 2020.  The case (and challenges) for expanding the use of constructed wetlands 

to improve wastewater treatment in rural NC.  Western NC Water Quality Conference.  

Sponsored by Western Piedmont Council of Governments. September 9, 2020 (virtual – 

hosted by Lenoir-Rhyne University, Hickory, NC.)  

Kamrath, B.J and M.R. Burchell. 2020. Improving nitrogen treatment through rejuvenation of an 

aging tertiary constructed wetland.  ASABE Annual International Meeting (virtual). June 

24.  

Kamrath, B.J. and M.R. Burchell. 2020.  Walnut Cove treatment wetlands: A wetland 

rejuvenation case study.  American Ecological Engineering Society (AEES) Virtual 

Poster Symposium. June 1-5 

Kamrath, B.J., M.R. Burchell, and J. Kurki-Fox. 2020. Preliminary assessment of nitrogen 

treatment in a tertiary constructed wetland following detritus removal.  Water Resources 

Research Institute of the UNC System (WRRI) Annual Conference (virtual). Raleigh, 

NC. May 19.  

Burchell, M.R., B. Kamrath, J. Kurki-Fox, and T. Thompson. 2020. Removing detritus to 

rehabilitate older constructed wetlands used in wastewater treatment.  Water Resources 

Research Institute of the UNC System (WRRI) Annual Conference (virtual). Raleigh, 

NC. May 19.  
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Burchell, M.R., B.J. Kamrath, and J. Kurki-Fox.  2019. Breathing new life into a 25-year old 

wastewater treatment wetland.  American Ecological Engineering Society Annual 

Meeting. Asheville, NC. June 3-6.   

Kamrath, B.J. and M.R. Burchell. 2019. Evaluating nitrogen removal performance and potential 

improvements for a tertiary treatment constructed wetland in North Carolina. Poster 

session presentation at the 21st Water Resources Research Institute of the UNC System 

(WRRI) Annual Conference. Raleigh, NC. March 20-21. (Third place winner) 

Burchell, M.R. 2018.  Current use, existing challenges, and potential expansion of constructed 

wetlands for tertiary treatment of wastewater.  2018 – NC Rural Water Association 

Special training Session – Sourcing Water from Created Wetlands.  Greensboro, NC.  

May 2018.  

Burchell, M.R.  2018. Constructed wetlands to treat rural wastewater – Another tool to improve 

watershed health in NC. 20th Water Resources Research Institute of the UNC System 

(WRRI) Annual Conference. Raleigh, NC. March 14-15.   

 

Social Media 

 

Twitter: @NCState_Wetland (390 followers, 22 constructed wetlands tweets since 2018) 

Students Supported 

This project supported a graduate student, an undergraduate summer intern, the capstone course 

for three undergraduate seniors, and a summer experience for one high school sophomore.  

 

Name 
Academic 

Status  

Project 

Role 
Graduated?  Field of study  

Brock Kamrath PhD Grad 

Student 

Graduated Biological Engineering 

Jonathan Lewis Undergrad-

Sr 

Summer 

Intern 

Graduated Biological Engineering 

Alston Willard Undergrad-

Sr 

Senior 

Design 

Graduated Biological Engineering 

Jack Woodward Undergrad-

Sr 

Senior 

Design 

Graduated Biological Engineering 

Mitchell Cole Undergrad-

Sr 

Senior 

Design 

Graduated Biological Engineering 

Jerry Yu High school Summer 

Intern 

Graduated 

HS 

 

 

Outreach 

Outreach has been and will continue to be an important component of this project. We 

hope the results and lessons learned from this project will be beneficial to local and national 

wetlands operators, as well as to the treatment wetland scientific community. We advised NC 

Division of Public Safety about a maintenance project to reduce short circuiting due to detritus 
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buildup of the treatment wetlands at Caledonia State Prison. The Town of Aurora has a wetland 

system similar to Walnut Cove, and we are providing outreach to the new operator about options 

to address some of the emerging issues with their older wetlands. We hosted the Town of 

Marshville, NC at the Walnut Cove site in the summer of 2020 as they consider options for 

expanding their wastewater treatment capabilities.  In 2021, we briefed the NC DEQ Division of 

Water Quality about the potential implications of our project in constructed wetland expansion in 

NC, and began work with the Southeastern Rural Community Assistance Program in evaluating 

constructed wetlands for rural wastewater expansion.  In February 2022, we will brief the NC 

DEQ Nutrient Scientific Advisory Board on our work with regards to the future opportunities in 

nutrient crediting. 
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